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A friction similarity function, Eq. (1.6) (-) 
b constant (-) 
c constant (-) 
Cp specific heat at constant pressure (Btu/lbm®F) 
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W function, Eq. (2.11) 
Z function of Re, p/d, a/90, e/d, Eq. (2.4) (-) 
Z' function, Eq. (2.7) (-) 
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p contact angle of profile (deg) 
2 p fluid dynamic viscosity (Ibm-hr/ft ) 
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A. Heat Transfer Enhancement 
The modern thermal systems industry is seeking ways to reduce 
the size and cost of heat exchangers. The augmentation (or enhancement) 
of heat transfer [1] has become an important factor in achieving these 
goals. The performance of heat exchangers, for single-phase flows in 
particular, can be improved by many augmentation techniques. These are 
broadly classified into passive and active techniques. 
Passive techniques use surface modification or an additional de­
vice incorporated into the equipment. The existing flow mechanism is 
disturbed and the heat transfer performance is improved, usually with 
an increase in the flow friction and pressure drop. Typical examples 
of passive augmentation are surface roughness., displaced promoters, 
and vortex generators. Surface roughness—introduced through knurling, 
threading, or forming of repeated ribs—promotes augmentation through 
the disturbance of the sublayer that is close to the surface. These 
methods are used to improve heat transfer coefficients inside tubes [2] 
or outside tubes or rods [3]. Displaced promoters include inserts that 
alter flow mechanisms near the surface by disturbing the core flow. 
Examples are baffles [4] and mixing elements [5]. Vortex flow can be 
created through inlet vortex generators [6], stationary propellers [7], 
or twisted tapes [8]. 
Active augmentation, which has also been studied extensively, 
requires the addition of external power to bring about the desired 
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flow modification. Examples include heat-transfer surface vibration 
[9], fluid vibration [10], and electric field introduction [11]. 
Of the several methods discussed above, one of the most popular 
and successful techniques is augmentation through surface roughness. 
This is mainly because of its effectiveness in enhancing the heat trans­
fer and its simplicity in application. Transverse or helical repeated 
ribs^ are an especially attractive way of creating the surface roughness. 
Ribs are found in several configurations, depending on the manufacturing 
technique (machining, forming, or insert). Figure 1.1 presents sketches 
of the various types of ribbed tubes that are usually encountered along 
with the important design parameters involved. 
Tubes with transverse ribs of rectangular profile shape can be 
fabricated in segments, each of which is machined from a smooth pipe 
on a lathe. These segments are fitted over a long mandrel and brazed 
together to obtain any desired length. This method of fabrication, 
however, is used only for laboratory purposes. Production on a large 
scale is usually carried out through rolling or indenting, which produce 
ribs having a smooth profile. High production rates usually dictate 
helical ribs; a feed is given to the tube to form the desired helix angle. 
Here, the roughness height, pitch, helix angle, and, to a large extent, 
the profile shape are controlled by the roller design, feed rate, and 
the pressure applied during the process. Another simple method of 
introducing roughness in a tube is inserting wire coils with roughness 
1 
Ribbed tubes are also commonly referred to as "spirally fluted," 
"convoluted," "corrugated," "spiral," "helically fluted," "spirally 
grooved," "spirally indented," "roped," or "enhanced." 
3 
height equal to the wire diameter. The various investigations carried 
out on these augmented tubes are listed in Ref. 1, and patents describ­
ing the fabrication methods are included in Ref. 12. 
Shell-and-tube heat exchangers often use ribbed tubes. The appli­
cations include single-phase, tube-side augmentation of flooded chillers 
for air conditioners [13], surface condensers for desalting plants 
[14], and surface condensers for power plants [15]. The size of these 
heat exchangers can be reduced considerably by use of augmented tubes 
instead of smooth tubes; alternatively, the heat duty of a fixed-area 
heat exchanger can be increased. This capability has important potential 
applications in systems such as Ocean Thermal Energy Conversion (OTEC) 
power plants, which require very large heat exchangers. 
B. Literature Review 
In spite of the increasing use of these augmented tubes, few 
general correlations are available for quantitative assessment of pres­
sure drop and heat transfer. In one of the early studies on ribbed 
tubes, Kalinin et al. proposed correlations for pressure drop and heat 
transfer [16]. The correlations presented below are expected to be 
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e/d = 0.01 - 0.05; p/d = 0.5 - 10 
= 1^1 + 45^'^] (1.2 - 0.4 p/d)exp[9.8(2e/d)°-"^^] 
and 
fg = 0.316/Re 0.254 
e/d = 0.01 - 0.06; p/d = 0.25 - 0.5 
(1.4) 
(1.5) 
Note that f, h, and Re are ail based on the maximum inside diameter. 
Also known as envelope diameter, this basis is strongly advocated by 
Marner et al. [17] and is widely adopted in studies of ribbed tubes. 
Many of the studies found in the literature have tried to extend 
the studies of Nikuradse [IS] on friction with sand-grain roughness and 
the heat transfer—momentum transfer analogy of Dipprey and Sabersky 
[19] for this type of roughness. Nikuradse derived a friction similarity 
parameter, A, defined as 
A =V27f + 2.5 J2n(2e/d) + 3.75 ( 1 . 6 )  
which is determined empirically. 
Equation (1.6) is based on the assumption that the Reynolds number 
similarity and the law of the wall similarity are valid for turbulent 
6 
flow in rough pipes. Dipprey and Sabersky, in developing the heat 
transfer similarity law, further assumed the applicability of the 
Reynolds analogy, that is, equal turbulent diffusivities for momentum 
and heat, and that the velocity and the temperature attain their respec­
tive mean values at the same distance from the wall. Using these as­
sumptions and dimensional analysis, they obtained the heat transfer 
similarity law as 
^ + A = gF (1.7) 
where g, the heat transfer function, is an empirical function of e^, 
the roughness Reynolds number, defined as 
e"^ = Re(e/d)(f/2)°*^ (1.8) 
and F is a function of the Prandtl number. 
Rearranging Eq. (1.7), the general "analogy equation" for St can 
be written as 
St = ^ (1.9) 
1 + (f/2)"-^[gF - A] 
The various functions in Eqs. (1.6) and (1.9), namely A, g, and 
F, are defined empirically and expected to be different for each type 
of roughness. The experiments of Dipprey and Sabersky with contrived 
sand grain roughnesses yielded 
A = 8.48 for e"^ > 70 (1.10) 
7 
g = 5.19(6"^)°'^ for e"^ > 70 (1 .11 )  
F = Pr 0.44 (1 .12)  
Webb et al. [20] extended this analogy to transversely ribbed 
tubes and took data for a variety of geometries with air, water, and 
n-butyl alcohol. The effect of nonsimilar roughnesses, introduced by 
varying the roughness pitch, was accounted for by adding a power-law 
dependency to Nikuradse's friction similarity function, A. The follow­
ing correlations were obtained for use with Eqs. (1.6) and (1.9): 
The effect of helix angle of the ribs, which also makes the roughness 
nonsimilar, was included by Gee and Webb [21] as follows: 
A = 0.95(p/e)°-^^ for e"^ > 35 (1.13) 
g = 4.50(e'^)°*^® for e"^ > 25 (1.14) 
F = Pr°'57 for 0.71 ^  Pr ^ 37.6 (1.15) 
A = 6.83(e'^)°*°^(a/50)"°-^^ for e"^ > 5 ( 1 . 1 6 )  
g = 6.03(e"^)°*^(a/50)'-^ for e"^ > 8 (1.17) 
j = 0.37 for a < 50° 
j = 0.16 for Of > 50® 
F = 1.0 
8 
One difficulty with this extended correlation is that it does not 
reduce to the previous correlation when a = 90®. In particular, no 
Prandtl number function is specified for the helical ribs (only air 
with Pr = 0.71 was tested) and no pitch effect is included. Thus, 
this correlation is of limited usefulness in its present form. A more 
refined form of the correlation, including these effects, is presented 
later in Section II.E. 
More recently. Withers [22,23] proposed correlations to fit tubes 
with single-start and multi-start ribs produced by indenting. The 
friction correlation was given as 
^Jf/T= — (1.18) 
2.46 £n[r + (T/Re)*"] 
where the operands r and m were determined for each tube by curve 
fitting. Using these tube-specific friction factors, the heat transfer 
correlation for multi-start ribs was established by the analogy method as 
St = (1.19) 
5.68(e/p)"^''®yp7[(e/d)Re 
where 
V = - 2.5 £n(2e/d) + 3.75 (1.20) 
The major disadvantage of this correlation is that it is accurate only 
for tubes for which the operands are known beforehand, although an 
approximate estimate can be made for them by correlating r and m with 
tube variables (see Appendix A). 
9 
While the above correlations are not general in application, 
the most recent investigations of Li et al. [24] and Nakayama et al. 
[25] take into consideration the effects of all the major variables of 
a ribbed tube. Li et al. [24] studied ribbed tubes with nonsimilar 
roughness (helical ribs) by adding the effects of the pitch and the 
helix angle to Nikuradse's friction correlation for sand-grain roughness 
and then fitting the equation to his experimental data to evaluate the 
constants. The heat transfer correlation was based on the heat transfer— 
momentum transfer analogy, with the Prandtl number dependency assumed 
to be the same as that obtained by Webb et al. [20] for the transverse 
ribs. While these correlations 
VÏ = 3.42 2n (d/2e) - 4.64 + 1.25 (e/d)"°*°^^ 
X (p/e)®'^(a/90)^'^^ exp Un Re - 9.62)2 
1,000 (p/e)'^*^® 
( 1 . 2 1 )  
and 
3.42 S,n (d/2e) - 4.64 + g 
(1 .22)  
g"^  = 0.478 (e/d)"°-^ 2^  (a/90) -0.869pj.0.57 
X (e+)0-641+0.105 &n(e/d) (1.23) 
are continuous in form, they have not been tested against data for tubes 
with helix angles less than 60°. 
10 
The correlations of Nakayama et al. [25] are presented for several 
ranges of helix angle determined on the basis of postulated flow pattern. 
The correlations for the heat transfer and friction similarity functions 
associated with Eqs. (1.6) and (1.9) are as follows: 
F = Pr°"57 (1.14) 
A = 4.5 + 5.63 X 10"4(p/e)2 g+ a k 60 
= 5.02(e+)° 15 (a/45)"°*l^ a g 45° 
= 5.l4(e+)° 12 (a/45)-0 8 45° < a < 60° 
(1.24) 
g = 4.75(e+)° 28 Of ^ 60° 
a g 45° 
= 4.90(e*^°'37 45° < a < 60° . (1.25) 
Although the existence of different flow patterns has been 
acknowledged widely, flow catégorisation depends on many factors, such 
as Re, p/e, shape of the profile, and, of course, the helix angle. 
Further, the angle of fluid rotation may be different from the helix 
angle, and the correlation is restricted to a narrow range of 11 < p/e 
< 14, thereby reducing its effectiveness. 
Careful scrutiny of the above correlations reveals that the dif­
ferent effects of pitch and helix angle are included as "afterthoughts" 
to the basic e/d correlation. This may not be justified since the 
inclusion of pitch and helix angle introduces rotation into the flow. 
XB 
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Figure 1.1. Types of roughness considered in this study 
13 
overemphasized. Optimal design of these heat exchangers calls for 
accurate general correlations for pressure drop and heat transfer that 
are continuous and valid over a wide range of parameters. The corre­
lation preferably should reduce to smooth tube conditions. 
As will be shown later, the existing correlations are not very 
accurate when applied to a general data base. These factors call for 
development of more accurate correlations. This can be accomplished 
by developing an extensive data base from studies on internally ribbed 
tubes and forming correlations from that data base. The correlations 
thus developed using the data from different sources need a reconfirma­
tion through independent experimentation involving various factors 
such as different tube parameters, ranges of fluid properties, and 
heating or cooling. 
The flow patterns in ribbed tube flows change depending on the 
conditions that govern them, such as the onset of turbulent flow and 
the roughness parameters. The similarity laws, on which the analogy 
method is based, are derived for sand-grain roughness, which induces 
cross-over flow. Simple flow visualization experiments should reveal 
the existence of different types of flow, which could suggest limita­
tions to the analogy method of correlation. 
An efficient heat exchanger using ribbed tubes should be designed 
with knowledge of the optimum roughness size because of simultaneous 
increases in both heat transfer and pressure drop. This can be accom­
plished by using the developed correlations along with established 
performance evaluation criteria. 
14 
The main goals of this study can be summarized as follows : 
1. To develop an extensive data base for single-phase turbulent 
flows in ribbed tubes. 
2. To form correlations for pressure drop and heat transfer from 
the data base. 
3. To verify the correlations under heating and cooling conditions 
for various types of repeated rib roughnesses. 
4. To establish the existence of different flow patterns in ribbed 
tubes. 
5. To optimize the roughness geometry for use in heat exchanger 
design in order to satisfy two different objectives: to maxi­
mize heat transfer and to minimize exchanger area. 
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II. DEVELOPMENT OF CORRELATIONS 
A. Data Base Development 
The first phase of this study involved the development of a large 
data base from a pool of investigations. These studies were gathered 
from various sources, and care was taken to cover a wide range of tube 
and flow parameters. Data were collected for single-phase turbulent 
flows and only for Newtonian fluids. 
In order to get an unbiased data base, it was assumed that all the 
studies were accurate, that is, free of "systematic" errors, and that 
the only errors involved were "random" (also known as precision or 
accidental) errors. This is an important assumption, since the types 
of measuring instruments used in these investigations varied widely, 
depending on the existing level of sophistication. Also, the non-
standardization of measurement techniques affects the accuracy of the 
data base. For example, slightly different pressure drop readings could 
be obtained depending upon whether they are measured at the peak or the 
root of the ribs and the inclusion or exclusion of the developing 
length. This information was not provided in the literature, and as 
such, it was assumed that the errors thus introduced were negligible 
and cancel each other for a large data base. 
It is well-known that the flow patterns for small p/e (<10) differ 
from those that are normally observed at larger p/e. When the flow is 
interrupted by a rib, the layers close to the wall are separated, and 
they reattach to the wall downstream of the rib at a distance of 6e to 
8e. The reattachment points vanish when the pitch of roughness is 
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reduced to less than 5e, forcing the flow to "glide over" the ribs and 
the secondary flows that are created between the ribs. The effects of 
flow patterns on the observables were reported by Berger and Whitehead 
[28] and Ueda and Harada [29]. This behavior is illustrated in 
Figure 2.1. 
Considering the foregoing, data with p/e < 5 were deleted, since 
these data have a different trend. This is not a serious restriction, 
since tubes with p/e > 5 are of greatest practical importance from the 
standpoints of manufacturability and material usage. In order to study 
the individual effects of roughness height and pitch, e/d and p/d, 
instead of just p/e, are provided in the data set. 
Another flow condition that affects the pressure drop and heat 
transfer is the temperature gradient. Very few studies have been car­
ried out on this aspect, and the results are at best speculative. 
Also, because of the lack of details on the temperature gradients in­
volved in the experiments, this valuable information could not be in­
cluded in the data base. However, the temperature gradient effects 
are quite small, especially on friction in ribbed tube flows with large 
roughness [30]. Under heating conditions, the friction factor decreases 
by less than 2% of the isothermal values for e/d = 0.01; however, this 
effect increases to 8% to 10% for extremely small roughness of e/d 
= 0.005. Although most of the pressure drop experiments were conducted 
under isothermal conditions, nonisothermal data are also included in 
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Figure 2.1 Dependence of friction and heat transfer on ratio of rib pitch to height 
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To improve the accuracy of the data base, tabulated data were 
used primarily, and wherever they were unavailable, plots were enlarged 
and digitized using a HP-7470A plotter. All investigations connected 
with single-phase turbulent flow augmentation that were reported until 
mid-1983 [1] were considered for the data base. 
The various investigations involved in the development of the 
friction and heat transfer data sets are described in Table 2.1. 
1. Pressure drop 
The data base for frictional pressure drop numbers 1658 points. 
The data tabulation consists of various tube parameters such as rough­
ness height, roughness pitch—both normalized with envelope diameter 
as recommended by Marner et al. [17]—helix angle, and profile shape, 
along with the Reynolds number and the pressure drop. The frictional 
pressure drop itself is presented in the form of Fanning friction fac­
tor, also defined in terms of envelope diameter. 
As indicated in Figure 1.1, the types of tubes considered include 
integral transverse ribs or helical ribs and wire coil inserts. Ribs 
with different profile shapes are represented. The manufacturing 
method determines the shape, which may have a significant influence on 
flow friction and heat transfer. Internal ribs with helix angles in 
the range considered are fabricated by indenting, that is, by applying 
external pressure. This results in rather smooth profiles without 
sharp corners, mostly in a semicircular shape. On the other hand, 
ribs of rectangular profile with sharp corners have been made by 
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machining the tube in segments and joining them together. The wire-
coil inserts represent another profile extreme. 
The breakdown of the data set according to the profile shape is 
as follows: semicircular, 1060; wire coils, 331; rectangular, 188; 
and triangular, 79. The important statistics of the data set are sum­
marized in Table 2.2. The entries represent the values of the parameters 
that are within a given percentage range of the data points. For instance, 
90% of the data points have e/d ^ 0.147, and 80% of the data points 
have 0.018 < e/d ^ 0.147. Figures 2.2 to 2.6 show the characteristics 
of the friction data base in the form of bar charts. Also given are 
the frequencies of occurrences. As can be seen from the charts and 
Table 2.2, the data base covers wide ranges of Re, e/d, p/d, and a/90, 
and the increase in augmented friction ranges approximately from one 
to 16 times that of smooth tube. 
Data bases, in order to be used for statistical analyses, should 
satisfy the conditions of normality, homoscedasticity (uniform disper­
sion), and independence. The first condition of normality was tested 
by applying the Kolmogorov-Smirnov test [40] to the dependent variable 
f/fg of the friction data base. The small value of 0.1401 indicates 
the null hypothesis that the input data are a random sample from a 
normal distribution. The other conditions, which are less severe, can 
be conveniently confirmed by a residual analysis of the correlation 
and data. The condition of homoscedasticity is satisfied if the resid­
uals are on both sides of zero and the last condition of independence 
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Figure 2.5 Frequency distribution of helix angle(friction data) 
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Table 2.2. Statistics of the pressure drop data set 
% of Data fa/fs Re e/d p/d a/90 
100 16.1 485749 0.218 6.89 1.0 
95 8.98 149971 0.19 3.94 1.0 
90 7.45 105550 0.147 3.11 1.0 
10 1.59 10100 0.018 0.2 0.43 
1 1.18 4388 0.01 0.1 0.33 
analysis. As will be seen in Section B, the residual analysis does 
satisfy the last two conditions. 
The complete data base has been tabulated in Appendix B. 
2. Heat transfer 
The heat transfer data base has 1807 points. It was designed 
similar to the friction data set but additionally includes the Prandtl 
number. The heat transfer coefficient is presented in the form of a 
Stanton number, which is again defined in terms of envelope diameter. 
Most of the experiments were conducted under uniform heat flux 
conditions, which were accomplished by electrical heating. Only one 
relevant study could be identified that was conducted under constant 
temperature conditions, by passing steam inside a jacket around the 
test section. Data were gathered from these investigations, and the 
characteristics of the different variables are shown in Figures 2.7 to 









































*MAY REPRESENT UP TO 9 COUNTS 







































*MAY REPRESENT UP TO 12 COUNTS 




















MAY REPRESENT UP TO 19 COUNTS 


























1 1  
10 













J I I L J L 
*MAY REPRESENT UP TO 11 COUNTS 





















*MAY REPRESENT UP TO 24 COUNTS 






































MAY REPRESENT UP TO 12 COUNTS 


























































* * * * * 
il II 
* * * * * 







II I : 
*  *  *  *  *  






ro ro t\) r\} r\>-A 
-si\OONCA>-J—*-JOVOO\Cnw— 4? VJ1K) 09 (Ai ON vo \^ ^ o\ ro 
29 
Table 2.3. Statistics of the heat transfer data set 
% of 
Data Re e/d p/d a/90 Pr 
100 4.687 444530 0.218 17.81 1 37.6 
95 3.18 161956 0.204 3.95 1 8.4 
90 2.97 107707 0.15 2.95 1 7.33 
10 1.39 11478 0.02 0.14 0.47 0.7 
1 1.15 6115 0.01 0.1 0.27 0.7 
The data base covers a wide range of Re (from 6,000 to 440,000), 
Pr (from 0.66 to 37.6), and tube variables (e/d, p/d, and a/90). The 
number of points in each shape category is as follows: semi-circular, 
1175; wire coils, 327; rectangular, 225; and triangular, 80. 
The heat transfer data base, like the friction data base, was 
tested for conditions of normality, homoscedasticity, and independence. 
The Kolmogorov-Smirnov test produced a test result of 0.0608, indicat­
ing that the dependent variable Nu/Nu^ was, indeed, from a normal dis­
tribution. In addition, the other two conditions were confirmed by a 
residual analysis, which is described in Section C. 
Appendix C shows the tabulation of the complete heat transfer 
data base. 
3. Expected trends 
As an example of the variations involved in the data. Figures 2.13 
and 2.14 show the dependence of f on Re for similar rib profiles, with 
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the rest of the parameters held at near-constant values. The spread 
of the data can be attributed to the different modes of fabrication of 
the ribbed tubes and different experimental techniques. For instance, 
tubes tested by Gee and Webb [21] were fabricated by Noranda Metals, 
Inc., using a cold swaging process in which a copper tube was fed 
lengthwise over a mandrel with pre-machined grooves that corresponded 
to the desired helical roughness design. Conversely, the tubes used 
by Withers [22] were fabricated by Wolverine Division of UOP, Inc., by 
embossing a plain tube by applying external pressure, thereby creating 
the desired helical ridging. Both of these processes result in differ­
ently profiled helical ribs. 
As discussed before, the measurement techniques also could have 
accounted for some differences. Further, other secondary factors such 
as the different temperature gradient effects and the type of material 
used in the fabrication of the ribbed tubes could contribute to the 
variations found in pressure drop data of Figures 2.13 and 2.14 and 
the different slopes seen in the plots of Figures 2.15 and 2.16. 
Figure 2.17 shows the trends of the roughness effect on heat 
transfer. Since there were not enough compatible data, different 
studies could not be compared in greater detail, as was done for fric­
tion. But the conforming data of Figure 2.17 show that, unlike the 
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Figure 2.17 Effect of roughness height and pitch on heat transfer 
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B. Pressure Drop Correlation 
In turbulent flows inside a ribbed tube, the laminar sublayer is 
disturbed by the ribs, increasing the friction and thereby the pressure 
drop. The augmented tube friction factor depends on the Reynolds number, 
roughness height, roughness pitch, tube diameter, and helix angle of 
the roughness. Other variables likely to be important are profile 
shape, base surface microroughness, and temperature gradient. The 
friction factor can be represented in functional form as 
fg = f(Re, e, p, d, a, profile shape, microroughness, ...) 
In normalized and nondimensionalized form, the above relation, neglecting 
expected second-order effects such as profile shape, can be expressed 
as 
fg/fg = f(Re, e/d, p/d, a/90) 
Many correlations for the smooth tube friction factor, f^, are available. 
The correlation given by Filonenko [41], 
fg = (1.58 £n Re - 3.28)'^ , (2.1) 
is chosen here as it accurately covers the wide range of Re under con­
sideration [42]. 
Because of the wide range of variables involved and the unique 
nature of the problem, a statistical approach was used by applying the 
friction data base to an assumed model and minimizing the least-squares 
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differences in the dependent variables. A commercial program, General 
Linear Model [43], was used with the University AS/6 computer. 
1. Methodology 
In this method, a linear model involving all the predictor vari­
ables is assumed as follows: 
y = b + bj Xj + bgXg + ... + b^x^ + y (2.2) 
or for each observation, 
y. = b + bjXj. + bjXj. + ... + bpXpi + Yi 
In matrix form this can be written as 
yi 1 *11 *21 *pl b 
^2 1 *12 *22 *p2 "i 
^i 1 *li *2i *pi b. 1 ^i 
1 
Y = X b 
*ln 
+ 1 
*2n *pn \ 
The residual e. is the difference between the observed value y. and 1 •' 1 
the predicted value y^, and the sum of squares of the residuals is 
given by 
S = I Y- = [Y]^[Y] = [Y - i]^[Y - Î] 
i 
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The optimum coefficients are obtained by minimizing S by solving the 
normal equations, which are given in matrix form as 
[A]b = X^Y 
or 
b = 
2. Correlation development 
As an initial attempt to verify the approach, part of the data set 
was utilized for the trials of various models of the friction correlation. 
A simple power law form was assumed as follows: 
S- s^ s_ S» 
fg = s Re ^(e/d) ^ (p/d) ^ ia/90) ^  
A logarithmic transformation linearizes the above model as 
log f^ = log s + s^ log Re + s^ log(e/d) + Sg log(p/d) 
+ log(a/90). 
where the s's are constants. This model is identical, in form, to 
Eq. (2.2), with the variables f, Re, e/d, p/d, and a/90 in log form. 
The application of this model to the sample data set resulted in the 
correlation 
fg = 0.55 Re-0.096(gyj)0.7l6(pyj)-0.35(^/20)1.02 (2.3) 
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A comparison of this correlation with some of the other correlations 
on the basis of the description of the sample data set is presented in 
Table 2.4. 
The powers of the independent variables imply that the effects of 
the roughness parameters are in the right direction. For example, the 
positive power of e/d reveals its direct effect on the friction, 
whereas the negative power of p/d shows the inverse effect of pitch 
on pressure drop. This agrees well with the characteristics of the 
data base shown in Figures 2.15 and 2.16. Further, the weak dependency 
of f^ on Re is expected and compares with the curves of Figures 2.13 and 
2.14. The large data base tends to reduce the influence of the random 
errors, making a statistical approach very reliable. 
This trial correlation has accuracy comparable to the existing 
studies, thus vindicating the use of statistical approach to obtain a 
more complete correlation. In order to obtain an accurate correlation, 
all mutual cross effects were included in a new model, which is given as 
f^(e/d,p/d,a/90) 




X (p/d) j 
f,(Re,e/d,p/d) 
X (a/90) 
The philosophy behind this inclusion of the various effects is that dif­
ferent flow patterns such as the cross-over or the rotational type could 
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Table 2.4. Friction factor prediction statistics based on sample data 
set (total number of points = 866) 
No. of Points Predicted in Each Group 
% Accuracy 
Author 0 to ±10% 10 to 15% 15 to 20% 20 to 50% 
Li et al. [23], 194 27 29 240 
Eq. (1.21) 
Withers 209 84 91 289 
Eq. (1.18)* 
Present study 
(Eq. 2.3) 171 93 97 382 
See Appendix A. 
exist in a flow system and that any single variable or a combination of 
the variables could effectively change the flow pattern. For example, 
simply increasing the Re, a, or reducing the pitch could change a rota­
tional flow into a cross-over flow. Also, varying all these factors 
less severely could combine to produce the same effect. This is in 
contrast to the analogy approach, wherein the effects of pitch or 
helix angle are accounted for by simple extensions to the effect of 
sand grain roughness height, which essentially induces cross-over flow. 
The linearization of the above model results in 
log(f^/fg - 1) = fj(e/d, p/d, a/90) log Re 
+ f2(Re, p/d, a/90) log e/d 
+ f^CRe, e/d, a/90) log p/d 
+ f^(Re, e/d, p/d) log (a/90) 
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where f^, fg, and are functions of the independent variables. 
This model is, again, similar to Eq. (2.2) with the independent vari­
ables in log form. By assuming the f's to be simple additive functions, 
the model was applied to the complete data base, resulting in the corre­
lation 
£ = 1 + 35.932 Re (0.62 - 0.03 e/d - 0.06 p/d - 0.44 a/90) 
X g/jCl.ig - 5.16E-6 Re - 0.15 p/d + 0.25 a/90) 
X p/d(0.05 - 1.53E-6 Re + 0.83 e/d - 0.44 a/90) 
X a/9o(4'78 + 3.89E-6 Re + 0.62 e/d - 0.11 p/d) 
The significance of the contribution of each of the independent 
variables was found using the partial F test criterion and the t test. 
The former involves determining the contribution to the regression sum 
of squares made by each independent variable after all other independent 
variables have been included in a model. The latter is a test for the 
hypothesis that the independent variable does not contribute signifi­
cantly [44-46]. Based on a level of significance of 0.05 and the above 
tests, some of the coefficients were dropped from the above correlation. 
Reapplying the model to the data base, the revised correlation is given 
as 
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f /f = 1 + 29.1 Re(0 *7 • 0 06 p/d - 0.49 a/90) 
a s 
X (e/d)(l'37 - 0157 ?/<) 
X (p/d)("l^ 10"* Re - 0.33 a/90) 
X (a/90)(4 59 + 4.11 x lo'* Re - 0.15 p/d) 
= 1 + Z (Re, e/d, p/d, a/90) (2.4) 
where the variables having negligible effects on the exponents have 
been dropped to simplify the correlation. 
A close examination of the scatter plot of Figure 2.18 indicates 
that the friction factor is over-predicted for triangular profiles and 
under-predicted for rectangular profiles. This is apparently a result 
of the streamlining effect of a profile that reduces drag. 
3. Secondary effects 
Of the many secondary effects mentioned earlier, the most important 
is the profile shape of the rib. Very few studies have been conducted 
on the effects of the profile shape, and the results have been qualita­
tive rather than quantitative. In one such investigation, Wilkie [29] 
suggested qualitatively that as the number of sharp corners facing the 
flow increases, friction decreases because of the reduced drag force 
resulting from a smoother profile. In lieu of this inference, a new 
empirical shape function for the surfaces involved in the data base 
was postulated in the form 
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Figure 2.18 Scatter plot of friction correlation without shape 
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where p is the profile angle shown in Figure 1.1 and n is the number 
of sharp corners facing the flow: two for a triangular rib, two for a 
rectangular rib, and infinity for a semicircular rib. Equation (2.4) 
then becomes 
fg/fg = 1 + Z' (2.6) 
where 
Z' = Z(1 + const/n)sinp (2.7) 
Keeping the Re, e/d, p/d, and a/90 dependencies the same, the data 
sets for the triangular and the rectangular profiles were then examined 
to optimize the constant at 
const =2.94 (2.8) 
The effect of the shape function can be seen in the scatter plot shown 
in Figure 2.19, in which the predictions for both of the profiles have 
been pulled toward the 45® diagonal line (ideal line). It should be 
emphasized that the profile effect is only secondary, and the relatively 
small value of the constant is thus justified. 
As can be seen from Eq. (2.4), under diminishing roughness condi­
tions, the augmented tube behavior approaches the smooth tube behavior. 
But the convergence of the augmented tube to the smooth tube limit can 
be improved. In any event, the question of an asymptotic approach by 
this correlation to the smooth tube conditions was resolved by employ­
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In this method', an equation of the form y = (1 + was formed. 
Y and U were the limiting values of the independent variable; that is, 
as U -> 0, Y -> 1 and as U -»• <», Y ^ U. For the present problem, Y was 
taken as f^/f^ and U as Z'. As the independent variable Z' -> 0, such 
as when e->0, p-»», orOf-^0, f^/f^ -> 1; or, in other words, as the 
roughness height or the helical angle becomes negligible, or rib spacing 
becomes too large, smooth tube conditions are attained. The exponent 
n was evaluated by plotting f^/f^ as a function of Z' and drawing the 
best asymptotic approach (Figure 2.20). The "rectified" correlation 
is given as 
f^/fg = ^1 + 129.1 - 0.06 p/d - 0.49 a/90) 
X (e/d)(l'37 - 0-157 
X (p/d)(-1 66 X 10"* Re - 0.33 a/90) 
X Ca/90)(4 59 + 4.11 x lo"* Re - 0.15 p/d) 
' 15/1611-/15 
+ sinp) 15/16 j 
15/16 16/15 
= [1 + Z'15/IG] (2.9) 
It is noted that Eq. (2.9) is virtually identical to Eq. (2.4); hence, 
the scatter plot of Figure 2.19 is applicable. 
As a final check on the correlation, a residual analysis was car­
ried out. The purpose of this analysis is to recognize any possible 
trend (that is, effect of any unforeseen variable) that might have 
been overlooked in the development of the correlation. The residuals 
3  5  8 1 x  1 0  "  3  5  8 1  
VARIABLE V 
Figure 2.20 Final correlation of friction data 
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(the differences between the observed and the predicted values) were 
plotted against the predicted values, as shown in Figure 2.21, and no 
obvious pattern was found, indicating the absence of any hidden variable 
and the correctness of the model as a whole. 
The effects of the different variables on the friction factor are 
discussed in Section D. 
C. Heat Transfer Correlation 
In most of the investigations that have been carried out so far, 
the heat transfer correlation was obtained using analogy or pseudo-
analogy methods. Along with the inherent questions raised by these 
methods, which were discussed in Section I.B, one disadvantage is the 
influence of friction errors on the heat transfer predictions. As 
discussed in Section E, Kalinin's nonanalogy heat transfer correla­
tion [16] for transverse ribs gave better predictions than the analogy 
based correlations. For these reasons, the development of a heat trans­
fer correlation is treated here as a separate problem, completely inde­
pendent of the augmented tube pressure drop studies. 
1. Preliminary correlation 
Heat transfer in a ribbed tube is a function of Re, tube variables 
e, p, d, a, microroughness, profile shape, and Pr. Following the same 
lines as in the development of the friction correlation, the increase 
in heat transfer of a ribbed tube can be expressed as 
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Figure 2.21 Residual plot for friction correlation (Eq. 2.9) 
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Here, as in the case of friction, secondary effects due to microrough­
ness, profile shape, and temperature gradients have been neglected. 
Again, to test the applicability of a statistical approach to heat 
transfer correlation, a simple power-law model was tested. The model 
C« Cn C- C/ c_ 
Nu^ = cRe ^Pr ^(e/d) ^ (p/d) ^ (a/90) ^  
when applied to a sample data set yielded the correlation 
Nu^ = 0.117Re°-^®Pr°-^^^(e/d)°-^(p/d)"°-^^(a/90)°-^^^ (2.10) 
This, of course, does not reduce to the smooth tube results. 
A comparison of this preliminary correlation with the performance 
of the existing correlations (Table 2.5) strongly suggests the effective­
ness of this approach for the heat transfer correlation as well. Further­
more, the plot shown in Figure 2.22 clearly shows the absence of major 
cross effects between the variables, which indicates the adequacy of a 
simple power law form of correlation for hest transfer, unlike the 
more complex form that was adopted for the friction correlation. 
2. Final correlation 
The development of the complete heat transfer correlation was 
done in a two-stage process. First, the data were correlated on the 
basis of a simple model and secondly, this correlation was extended to 
smooth tube conditions. 
The application of the complete heat transfer data base to a simple 
power law model of the form 
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Figure 2.22 Heat transfer scatter plot Eq.(2.10) 
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Table 2.5. Heat transfer prediction statistics based on sample data 
set (total number of points = 915) 
No. of Points Predicted in Each Group 
% Accuracy 
Author 0-10% 10-15% 15-20% 20-50% 
Li et al., 260 70 92 407 
Eqs. (1.21-
1.23) 
Withers, 512 79 81 197 
Eqs. (1.18-
1.20)* 
Present study 438 164 139 174 
Eq.(2.10) 
See Appendix A. 
b. by b, b, b 
Nu^/Nug = b Re ^(e/d) ^ (p/d) ^ (c(/90) ^Pr ^  
where the b's are assumed to be constants yielded the following cor­
relation: 
Nu /Nu = 2.64 Re®*°^^(e/d)°*^^^(p/d)"°'^^(a/90)°*^^(Pr)"®*°^^ 
= W (2.11) 
where 
Nu = (f/^ Pr (2.12) 
1 + 12.7 Yf/^Pr - 1) 
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and 
fg = (1.58 £n Re - 3.28)"^ (2.1) 
The reference smooth-tube, heat transfer correlation is the one 
proposed by Petukhov and Popov [48], which applies well for the Re and 
Pr range under consideration [49]. More complex models were tried, but 
they yielded no real improvement in accuracy. 
The asymptotic approach of this heat transfer correlation to the 
smooth tube condition was obtained, again by using Churchill's method. 
Here, the variable Y is the Nusselt number ratio Nu /Nu and the inde-
a s 
pendent variable Z is W. The data were plotted and an exponent of 
seven gave the best asymptotic approach. It must be noted that the 
final equation is quite insensitive to the exponent, and a slightly 
different exponent does not noticeably affect the accuracy of the cor­
relation. 
The final, normalized, heat transfer correlation is given as 




= (1 + (2.13) 
The correlation is compared with the data in Figure 2.23, and a scatter 
plot is given in Figure 2.24. It is evident that few data are available 
at low values of the function. Also, in Figure 2.23, more points lie 
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Figure 2.23 Final correlation of heat transfer data 
55 
slightly larger deviation). This overlapping of points gives the 
appearance of a poor curve fit. Further, the heat transfer increases 
mostly range from one to three, unlike the pressure drop increases, 
which vary from one to 15, and this adds to the clustering of the points. 
It is noted that the correlation does not contain any shape function. 
This is because of the absence of any marked influence of the profile 
shape on heat transfer as shown in the scatter plot of Figure 2.24. 
Also interesting is the fact that the increase in augmentation is pre­
dominantly controlled by the tube design rather than the flow parameters, 
as evidenced by low powers of Re and Pr. 
Finally, the residual analysis shown in Figure 2.25 does not indi­
cate any specific trend, such as a curvilinear pattern or cornering of 
points. Also, the distribution of the residuals on both sides of the 
zero residual line vindicates the appropriateness of the model. 
The effects of the different variables on both augmented friction 
and heat transfer are discussed in Section D. 
D. Discussion 
A study of the final correlations (Eqs. 2.9 and 2.13) reveal some 
interesting aspects that will be of help in designing these tubes. 
Some of the most important characteristics of these tubes are given 
explicitly by the expressions themselves. The increase in heat transfer 
is mainly a function of the tube variables and only slightly dependent 
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Figure 2.25 Rewidual plot for heat transfer correlation 
58 
This observation is supported by Kalinin et al. [16], who do not 
recommend that Pr be included in their correlations for transverse 
ribs (Eqs. 1.1 and 1.2). In most of the other studies, the Pr exponent 
varies from 0.4 to 0.6, resulting in a very weak Pr dependency when 
these correlations are normalized to a smooth tube heat transfer cor­
relation. Also, a comparison of the friction and heat transfer corre­
lations exposes the severe cross effects of the different variables on 
the pressure drop and the absence of any marked influence of profile 
shape on the thermal boundary layer. This may be attributed to differ­
ing effects of profile shape on momentum and thermal boundary layers. 
While the ribs, in general, break up the hydrodynamic boundary layer, 
they just displace the thermal boundary layer. Further, the profile 
shape has a direct effect on drag force, in addition to its effect on 
the amount of turbulence created. 
The influences of various parameters (which are hard to discern 
from the correlations) are shown in Figures 2.26 to 2.28. The figures 
confirm the generally accepted basic behavior of the augmented tube f 
and St as a function of the variables. 
The roughness height has a greater effect on friction factor than 
the roughness pitch. Also, the increases in friction and heat transfer 
decrease as the roughness height increases (Figure 2.26). 
As is widely acknowledged, the pressure drop increase is much 
larger than the heat transfer increase over the smooth tube values. 
An interesting revelation, however, is the equal increments in both f 
and St when the rib height is small. The smaller effect of pitch, 
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Figure 2.27 Predicted behavior of f and St as functions of P and Re 













Figure 2.28 Predicted behavior of f and St as functions of a and Re 
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was also recognized earlier by Webb et al. [20]. Unlike other major 
parameters of a rib, the effects of helix angle are unique (Figure 2.28). 
At small angles the increase in heat transfer is greater than that in 
pressure drop. As the helix angle is increased, the friction factor 
increases rapidly, while the rate of heat transfer increases becomes 
smaller. For helix angles > 75® the friction factor levels off while 
the heat transfer still increases, although at a smaller rate. The 
rise in friction—and, hence, pressure drop—is unexpected. The steep 
rise in friction between 20® and 70® can be attributed to the increas­
ing predominance of cross-over flow over rotational flow, which stab­
ilizes at an angle of 70®. This peculiar behavior of the helix angle 
on friction seems to confirm the categorization of flow by Nakayama et 
al. [25]. 
The above effects are more clearly portrayed in Figures 2.29 to 
2.31, where the friction and heat transfer increases are plotted 
directly as functions of the major variables. 
E. Comparison With Other Studies 
1. Friction 
The overall performance of the final friction correlation, 
Eq. (2.9), was evaluated by testing it against the complete data base. 
The results, along with the predictions of other studies, are given in 
Table 2.6. The present study was able to describe 77% of the data base 
within ±20% and 96% of the data within ±50%. In comparison, the corre­
lation of Li et al. [24] predicts only 51% of the data within an 
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Figure 2.31 Effect of helix angle on friction and heat transfer increases 
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accuracy of ±50%. As noted earlier, in order to compare Withers' cor­
relation [22-23], the operands m and r used in his friction correlation 
were expressed in terms of the roughness variables to nondiscretize 
them (Appendix A). The use of helix angle instead of the number of 
starts enables the application of both the single and multiple helix 
rib data. This correlation was then able to predict 71% of the points 
within ±50%. The scatter plots for these two correlations are pre­
sented in Figures 2.32 and 2.33. 
The Nakayama et al. [25] correlations [Eqs. (1.24) and (1.25)] 
are categorized according to the flow patterns; however, these two are 
based on the principles of analogy. The predictions of the friction 
correlations are given in Table 2.6. Although one may anticipate 
better predictions by these correlations because of the partitioning, 
this is not the case, as can be seen from the table and Figure 2.34. 
The overall accuracy is comparable to that of the Li et al. [24] corre­
lations . 
The correlations of Gee and Webb [21], discussed in Chapter I, 
are derived along the same lines as those of Webb et al. [20], but 
they only consider the effects of the roughness height and the helix 
angle. In order to be applicable to the data base, the correlation 
was modified to account for the pitch effect. This was accomplished 
by introducing the same pitch dependency as that obtained by Webb et 
al. [20] for their transverse ribs and adjusting the parameters (see 
Appendix A). The friction correlation can now be rewritten as 
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Figure 2.32 Scatter plot of Withers'friction correlation [22,23] 
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Figure 2.33 Scatter plot of LI et al. friction correlation [24] 
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EXP -f 
Figure 2.34 Scatter plot of TSee and Webb friction correlation 
Eq.(2.14) [21] 
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Table 2.6. Comparison of accuracy of present correlations with that 
of other studies 
Friction/Heat Transfer 
% Accuracy 
Author 0 to ±10% 10 to 15% 15 to 20% 20 to 50% 
Li et al. [24] 
Eqs. (1.21-1.23) 
274/358 70/152 84/136 403/780 
Withers [22,23] 
Eqs. (1.18-1.20) 
367/697 146/158 151/156 515/692 
Nakayama et al. [25] 
Eqs. (1.24-1.25) 
222/409 109/183 86/142 713/575 
Gee and Webb 
Eqs. (2.14-2.16) 
414/240 146/130 83/127 455/875 
Webb et al. 
extended Eqs. (2.15-
2.17) 
191/592 97/182 92/176 588/503 
Present study 
Eqs. (2.9) and (2.13) 
608/684 281/279 172/281 538/546 
Total number of 
points 1658/1807 
The tabulated value of the predictions indicate that the accura­
cies achieved are at the same level as those obtained by the correla­
tions of Nakayama et al. [25] and Li et al. [24], with only slightly 
greater accuracy at the 20% level for the friction correlations. The 
efficiency of the correlation is seen more clearly from the scatter 
plot shown in Figure 2.35. 
However, the correlations of Webb et al, [20], Eqs. (1.13) to 
(1.15), could also be extended to include the effects of helix angle, 
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Figure 2.35 Scatter plot of Nakayama etal. friction correlation [25] 
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thereby giving it a level of generality. This was accomplished by 
cross plotting the data of Gee and Webb [21] against equations of Webb 
et al. [20]. This extended friction correlation is given by Eq. (2.15) 
(see Appendix A). 
A = 0.95(P/e)0 53 (a/90)"^°'^® ^ ] (2.15) 
This correlation turned out to be the least accurate of the var­
ious studies considered here, as can be seen from the Table 2.6. This 
is also reflected in Figure 2.36, wherein the spread is more severe 
than other plots. 
An evaluation of the present correlations along with some of the 
well-established studies for the specific case of transverse ribs are 
presented in Table 2.7. The Webb et al. [20] correlation predicted 56% 
of the entire transverse rib data base within ±50% of the observed 
values while the corresponding figure for the Kalinin et al. [16] cor­
relation was 34%. The present study was able to predict 96% of the 
data base at the ±50% level of accuracy. 
These results confirm that the present friction correlation is 
more accurate than the correlations currently available including the 
specialized correlations of transverse ribs. 
2. Heat transfer 
The performance evaluation of the different heat transfer corre­
lations was carried out in an identical manner. The equations were 
applied to the heat transfer data base and the exactness of the calcu­
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Figure 2.36 Scatter plot of Webb et al. extended friction correlation 
Eq.(2.17) [20] 
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Table 2.7. Comparison of accuracy of present correlations with that of 
other studies—transverse ribs only 
Author 
% Accuracy 
Friction/Heat Transfer (Total 379/535) 
0 to ±10% 10 to 15% 15 to 20% 20 to 50% 
Webb et al., 
Eqs. (1.13-1.15) 
84/4 21/8 6/10 100/104 
Kalinin et al., 
Eqs. (1.1-1.5) 
15/223 6/41 9/23 100/91 
Present study 
Eqs. (2.9) and (2.13) 
100/271 59/85 56/65 150/111 
The application of correlations of Gee and Webb and Webb et al. 
to the data base required modifications similar to those that were 
carried out on their friction correlations. Including the term Pr^'^^ 
to account for Pr effect, the Gee and Webb correlation can now be 
written as 
g = 7.39(e'^)"-^(a/50)"j for e"*" > 8 (2.16) 
0.37 for a < 50® 
0.16 for a > 50° 
J = 
The extended heat transfer correlation of Webb et al. was estab­
lished by cross plotting helical rib tube heat transfer data of Gee and 
Webb against the correlation of Webb et al. The resulting correlation 
is then given as 
+ , 
g =  4 . 5 ( e " ^ ) ® ' ^ ® ( a / 5 0 ) " ^  ( 2 . 1 7 )  
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The predictions of Eqs. (2.16) and (2.17) were evaluated along with 
Eqs. (1.9) and (1.14). 
The analogy correlations of Li et al. [24], Nakayama et al. [25], 
and Gee and Webb [21] predicted less than 80% of the data base to be 
within the ±50% margin of accuracy and less than 42% of the data to be 
at the ±20% precision level. The correlations of Withers [22,23] and 
Webb et al. (extended), which are also based on the analogy principle, 
predicted a higher percentage of the data, while the nonanalogy corre­
lation of the present study computed 99% of the observed data within 
±50% and nearly 70% of the points within ±20%. The heat transfer 
scatter plots for the various studies are shown in Figures 2.37 through 
2.41. 
The transverse rib correlations of Webb et al. [20] and Kalinin 
et al. [16] were tried on the complete transverse rib heat transverse 
data base. While the latter correlation predicted about 71% of the 
data, the Webb correlation predicted only 24% of the experimental value 
at the ±50% level. The present study performed well in predicting more 
than 99% of the data with ±50% accuracy. The surprisingly poor perfor­
mance of the Webb et al. correlation may be attributed to the friction 
correlation error being carried into the heat transfer correlation. 
From the above comparison, it is evident that the present study 
predicts both the friction and the heat transfer in a ribbed tube flow 
more accurately than do the existing studies. Further, the friction 
and the heat transfer correlations, Eqs. (2.9) and (2.13), are contin­
uous in form and are thereby applicable to a wide range of parameters. 
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Figure 2.38 Performance of Li et al. heat transfer correlation [24] 
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Figure 2.39 Performance of Gee and Webb heat transfer correlation 
Eq.(2.16) [21] 
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Figure 2,40 Performance of Nakayama et al. heat transfer correla­
tion [25] 
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Figure 2.41 Performance of Webb et al. extended heat transfer 
correlation Eq. (2.17) [20] 
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Finally, unlike the analogy studies, the prediction of heat transfer 
can be calculated independently; that is, the friction factor need not 
be evaluated first. 
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III. EXPERIMENTAL VERIFICATION OF CORRELATIONS FOR 
WATER UNDER HEATING CONDITIONS 
The correlations presented in the last chapter were developed from 
a wide range of data gathered from previous investigations. These 
equations were validated by means of independent experiments. These 
experiments were designed to test, in addition to the major variables 
of a ribbed tube, the applicability of the correlations for different 
fluids under both heating and cooling conditions. 
Two types of experiments were designed: a heating experiment 
with water as the working fluid and a cooling experiment with air and 
a much smaller Pr fluid as the medium. This chapter describes the 
details and the results of the first experiment. 
A. Experimental Apparatus 
The experiments were conducted to satisfy the correlations for 
use with commercially available enhanced tubes. Several such tubes, 
which varied widely in dimensions and patterns, were randomly acquired. 
The test setup was designed to provide controlled heating of the water 
using direct current heating of the tube wall. A schematic diagram of 
the experimental setup is shown in Figure 3.1. 
1. Flow system 
The picture of the flow systems is shown in Figure 3.2. The pump 
was an Oberdorfer model 7000R gear pump, which had a rated capacity of 




















Figure 3.1. Schematic diagram of water rig 
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Figure 3.2 Picture of heat exchanger along with the 
flow system 
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rated capacity of 2 hp at 1625 rpm was used as the prime mover. The 
electrical power to the motor and hence the pump speed or flow rate 
was regulated by a Westinghouse autotransformer. 
An accumulator placed on the delivery side of the pump reduced 
any pressure fluctuations created by the pump. Also, a needle valve 
short-circuited the suction and the delivery sides of the pump. This 
helped in maintaining a very low flow rate through the test section. 
The water which passed through a filter to remove any suspended 
particles, was then directed through appropriate flow meter(s) before 
it entered the test section. The energy added in the test section was 
removed in a shell and tube heat exchanger using city water as the 
coolant. The heat exchanger was a single-pass standard BCF Heat 
2 
Exchanger, 4 ft , made by American Standard, Inc. The water was then 
returned to the pump. 
A 5 gal surge tank, located at a high elevation and open to the 
atmosphere, was attached to the suction side of the pump to allow for 
expansion. The surge tank also served as a degassing reservoir. To 
facilitate heating of water, a Chromalox 3000 W, 220 V heater was in­
stalled in the tank. The power to the heater was controlled by a 
General Electric variable transformer. Water was bypassed through the 
surge tank during degassing. 
A deionizing unit, also installed in a bypass loop, removed any 
nitrites, Tetra Cyano Ethylene (TCE), and other minerals that might 
have contaminated the heated section. 
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The piping system was constructed primarily of 3/4 in. I.D. copper 
tubing along with the necessary solder fittings. The pump was hooked 
up with the rest of the flow system by rubber hoses for vibration iso­
lation. Rubber hoses were also used to isolate electrically the test 
section from the remainder of the loop. 
2. Test sections 
In order to achieve the stated objective of testing the correla­
tions for existing commercial tubes, four ribbed tubes of different 
types were acquired. Dimensions of these tubes, for which sketches 
are shown in Figures 3.3 and 3.4, vary widely. The normalized rough­
ness heights vary from 0.038 to 0.127; the normalized pitches range 
from 0.169 to 1.05, and the normalized angles cover the range from 
0.33 to 0.91. As can be seen from the sketches and Figure 3.5, the 
tubes are really quite different. Table 3.1 shows the important dimen­
sions of these tubes. Tubes 3 and 4 provide a particularly severe 
test of the correlations since their p/e ratios (3.3 and 4.3, respec­
tively) are outside the range of the correlation data base. 
The General Atomic tubes are manufactured differently than the 
other two tubes. While Tubes 1 and 2 were made by the traditional 
methods of indenting a seamless tube [50], Tubes 3 and 4 were welded 
from formed plates. During the first phase, a thin sheet of metal was 
fed through ribbed rollers, forming the desired ribs or flutes on the 
plates. In the second phase, these ribbed plates were rolled at an 
angle over a mandrel and welded at the seam. This method can produce 
ribs of extreme dimensions, for example, p/e < 5. 
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a) SKETCH OF TURBO REFRIGERATING TUBE (TUBE-l) 
b) SKETCH OF WOLVERINE TUBE (TUBE 2) 
Figure 3.3 Sketches of Tubes 1 and 2 
Figure 3.4 Sketch of General Atomic tube (Tubes 3 and 4) 
ISMMiËiaii 
Figure 3.5. Photograph of the test tubes 
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The Turbo Refrigerating and the Wolverine tubes had a small 
length of smooth tube at either end. Pressure tap holes, 3/32 in. 
dia., were carefully drilled in these smooth sections and the holes 
were cleaned of burrs. In the General Atomic tubes, there were no 
smooth tube sections at the ends. This problem was overcome by sliding 
4 in. long copper tubes over the ribs and filling the ribs with silver 
solder to make a perfect contact. The pressure taps were drilled on 
these sleeves and enclosed by brass bushings. These sleeves also served 
as bus flanges for the supply of electrical power. This was not done 
on the Wolverine tube because the O.D. of the tube was 1 in., which 
was the I.D. of the flanges. In the case of the Turbo Refrigerating 
tube, brass bushings of 1 in. O.D. x 5/8 in. I.D. and 2 in. length 
were slid over the smooth end sections and silver soldered to minimize 
the contact resistance. A pair of flanges were made of 3/8 in. thick 
steel plates for supplying power from copper cables to the tube sleeves. 
The flange was slit into two pieces and joined together by two screws. 
Finally, a 1 in. D. hole was drilled; this was the same as the outside 
diameter of the sleeves. This roundabout method lessened the contact 
resistance between the flanges and the sleeves, thereby reducing con­
siderably the temperature rise normally encountered at the bus connec­
tions . 
The test sections were insulated with 1/4 in. thick foam rubber 
tubes and "snap on" glass fibre sleeves on top of that. Figure 3.6 
shows the picture of the insulated test section along with the rectifier 
and the manometer. Power was supplied to the test section through an 
Table 3.1. Tube dimensions 
Description Tube 1 Tube 2 Tube 3 Tube 4 
Envelope diameter (in.) 0.55 0.92 0.8 0.9 
Roughness height (in.) 0.07 0.035 0.05 0.05 
Roughness pitch (in.) 0.575 0.4 0.165 0.216 
Helix angle (deg) 32.14 82.12 40.6 30.2 
Starts 5 1 20 25 
Length (in.) 116 112 60 60 
Manufacturer Turbo Refrigerating Wolverine General Atomic General Atomic 
Material Stainless steel A16 X alloy carbon steel carbon steel 




Figure 3.6 Picture of rectifier and test section 
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American Rectifier Corporation rectifier, which converted the 440 V 
input AC current to DC current at the rated capacity of 1100 amps at 
64 volts. This high current was supplied from the rectifier terminals 
to the test section flanges by means of water cooled copper cables. 
3. Instrumentation 
The measurement of temperature was accomplished through the use 
of 30-gage copper-constantan thermocouples insulated with teflon. 
Thermocouples were installed at five locations along the length of the 
test section, dividing it into four segments. At each station, three 
thermocouples, with one of them at the top, were used around the cir­
cumference (120° apart) to provide the average wall temperatures. 
Thermocouples at the ends of the tubes, stations 1 and 5, were placed 
eight inches into the ribbed section, safely distanced from the bus 
connections. This reduced the chances of readings being influenced by 
the local heating, if any, around the flanges. Furthermore, all the 
thermocouples were seated in the "valleys" of the ribs to enable proper 
seating. The beads of the thermocouples were separated from the wall 
of the tube by 33-gage electrical insulation tape wound around the tube 
at each station. This prevented the beads from picking up stray elec­
trical signals from the electrically heated tube. The temperature con­
version equations stipulated by the thermocouple manufacturer [51] were 
used to convert the e.m.f. to temperatures within an accuracy of ±0.2® F. 
The fluid inlet and outlet temperatures were measured using 36-gage 
copper-constantan grounded thermocouples covered with 1/16 in. inconel 
sheath. An electronic ice point was used as the reference junction. 
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The mass flow rate of the liquid was measured by two rotometers 
made by Brooks Instruments, Inc. Both flow meters were calibrated 
yielding the following equations: 
Flow meter R-lOM-25-1: m^ = 0.012 + 0.008 
R-8M-25-2: m^ = 0.0086 + 0.8809 x lo"^ 
+ 0.2084 X 10"^ Xj 
where x^ and x^ were float readings in percentages and m^ and m^ were 
the mass flow rates in Ibm/s. Either one or both of the flow meters 
could be used by proper routing of the fluid. 
The power supplied to the test section was calculated by measuring 
the voltage drop across the bus connections and the current via the 
potential difference across the calibrated Easterline Angus Shunt con­
nected in series with the test section. The power input to the test 
section was then given by 
Wj = 0.985 X D xs X 3 X 10^ x 3.4129 Btu/hr 
where the heat loss through the insulation was estimated to be 1.5% 
[52]. The accuracy of the voltmeter was ±0.005% with a resolution of 
0.001 mv. 
The thermocouple e.m.f. and the voltage drop across the tube and 
the shunt coil were measured by a Hewlett-Packard HP3495A 40-channel 
scanner and a HP3455A digital voltmeter. Both were monitored by a 
HP9845B desktop computer. 
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Finally, the pressure drop across the test section was measured 
by a sensitive U-tube mercury manometer. Before every startup, care 
was taken to remove any air or vapor bubbles that might have existed in 
the tygon pressure tap lines. 
B. Experimental Procedure 
1. Testing and data acquisition 
Experimentation consisted of several steps, such as the removal 
of air, degassing of water, heat transfer experiments, and isothermal 
pressure drop studies. After the test section was connected to the 
rest of the loop, the surge tank was filled with distilled water. 
Closing the bypass valves allowed water to flow slowly through the 
main loop by gravity and allowed air to escape through the disconnected 
pressure tap holes. Also, the test section was tilted, thereby driving 
out any air bubbles that might have stuck to the ribs. A small sight 
glass made of plexiglas that was attached to the exit of the tube was 
used to detect any bubble in the flow. The lines were then cleared of 
air bubbles before they were connected to the pressure taps. 
In the second stage, water was demineralized as it passed through 
the deionizer. Partially opening the surge tank by-pass valve allowed 
fluid residing in the various units to be treated as well. After 
30 minutes, the degassing heater was switched on and the water was 
heated to its boiling point. The main loop was opened partially and 
the pump was run at a very low speed. Care was taken to circulate 
water through all the flowmeters, the filter, the test section, and 
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other units. The water continued to boil, driving out the dissolved 
gases, until no further bubbles were noticed in either the sight glass 
or the flowmeters. The heater was now switched off and the water 
allowed to cool. The whole process of demineralizing and degassing 
took nearly five hours, and this process was repeated whenever the 
test section was disconnected from the loop, and, naturally, before 
testing each tube. 
The experiment proper was conducted by starting the pump, opening 
the valve for the coolant side (shell side) of the heat exchanger, 
passing the cooling water for the power cables and, finally, switching 
on the power supply. As a measure of safety, the data acquisition 
system was programmed to monitor the outlet temperatures of the test 
section fluid and the cable coolant continuously except when actual 
experimental data were gathered. Lack of coolant could result in hot 
spots in the copper cables, which could damage them. Also, starving 
the heat exchanger could result in a rapid increase in the temperature 
of the test section fluid, and the hot fluid could be detrimental to 
the pump seals. 
In order to reduce the pressure fluctuations introduced by the 
pump at low speeds, the pump was run at higher speeds and the flow was 
controlled by adjusting the bypass needle valve and the surge tank 
valve. The range of Re varied depending on the tube, since Re is in­
versely proportional to the diameter of the tube (Re = h m/7td|j). For 
example, while the Re range for the Turbo Refrigerating tube was 5000 
to 70,000, it was only 3000 to 30,000 for the General Atomic tubes. 
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Heat input was controlled to give a water temperature rise of 30 to 
40®F, which resulted in a temperature difference of around 30°F across 
the wall as well. This minimized the error in the thermocouple read­
ings. 
Steady state, determined by a near-constant fluid outlet tempera­
ture, was reached in about 15 minutes. The DAS monitor read all the 
wall temperatures and the fluid inlet and outlet temperatures with the 
help of the scanner and the voltmeter. The tube and shunt voltage 
drop were also recorded. The flowmeter identification number and the 
float reading were entered into the computer, which then reduced the 
data into desired form. The pressure difference in the manometer was 
also read into the computer to be reduced to friction factor. All the 
data were written onto a disk. 
After the heat transfer experiments were completed, the experi­
ment was repeated, this time without heat addition, to obtain isother­
mal pressure drop. 
2. Data reduction 
The heat input, (=Ei) and the heat transferred to the water, 
. (= m C (T . T. )) were determined and an energy balance was 
out pw out - in "•' 
said to be achieved when q. and q . differed by less than ±5%. 
^in ^out 
The circumferential average linear wall temperature was calculated 
at each station, and the fluid temperature at each station was found 
by a segmental energy balance. 
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Estimating the fluid properties at the mean film temperature, the 
local heat transfer coefficient for the tube was computed from the 
expression 
= hAAT = hndLAT 
or at any given location, x. 
r = 






The Fanning friction factor was found by employing the equation 
. 2  
F _ APd pA 
where p was taken to be the density at the mean bulk temperature. The 
complete data reduction program is given in Appendix D, and sample 
calculations are shown in Appendix E. 
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C.- Results and Discussion 
1. Smooth tube 
The apparatus, instrumentation, and procedure were checked by 
pressure drop and heat transfer experiments on a smooth tube [53]. 
The results on the smooth tube experiments conducted during this pre­
vious investigation are shown in Figures 3.7 and 3.8. 
The pressure drop data collected under isothermal conditions 
(Figure 3.7) agree well with the smooth tube correlations. The exper­
iments were conducted over a Re range of 2500 to 30,000. The turbulent 
flow friction correlation by Filonenko [41], Eq. (2.1), agreed well 
with the data. 
The heat transfer data [Figure 3.8] were in good agreement with 
the Petukhov and Popov [48] correlation, Eq. (2.12), for the turbulent 
flow range. The wall and the fluid bulk temperatures were such that 
the temperature dependency correlation of (p^/p^) ^ , as recommended 
by Kays and Crawford [54], was very close to unity and, hence, not 
represented in the plot. 
2. Pressure drop for enhanced tubes 
The pressure drop test data for the four ribbed tubes were reduced 
and the results were plotted as Fanning friction factors in Figures 3.9 
through 3.12. The Re range covered by the data varies for each tube 
depending on the diameter of the tube; however, flows up to or greater 
than 30,000 were tested, which were well into the turbulent region and 
of greatest significance from the industrial standpoint. 
— f = (1.58 Jin Re-3.28)"^[41] 
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Figure 3.7 Smooth tube pressure drop data 
10' 








t i l l  J I I I I M J I » ' ' ' ' 
10" 10^  
REYNOLDS NUMBER, Re 
10" 
Figure 3.8 Heat transfer data for smooth tube [53] 
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The friction characteristics of the Turbo Refrigerating tube are 
shown in Figure 3.9. The friction factor decreases with Re, especially 
for Re greater than 10,000. The correlation, Eq. (2.9), is represented 
by a dark line and agrees quite well with the experimental data, with 
the deviation increasing to 25% for Re greater than 50,000. For com­
parison, the correlations from two recent studies, those of Gee and 
Webb [21] and of Nakayama et al. [25], Eqs. (2.16) and (1.24) respec­
tively, were also drawn. As can be seen, the first equation overpre-
dicts the experimental data by more than 50%, while the second equation 
underpredicts the data by more than 30%, 
The data for the Wolverine enhanced tube show little variation with 
the Reynolds number (Figure 3.10). The agreement between the data and 
the prediction curve is much tighter, with the deviation falling within 
±15% for the most part. The prediction by the correlation of Gee and 
Webb [21] is, again, higher than the data, but this time by only 30%. 
The Nakayama et al. [25] correlation also overpredicts the data for 
this tube by a much wider margin, as can be seen from the figure. 
While the Wolverine tube (Tube 2), is the most pertinent to this 
study, the General Atomic tubes deviate most from the dimensional 
ranges considered for this study. The p/e ratio, which determines the 
reattachment point between the ribs, is much less than five for Tube 3, 
the limit considered in this study. Nevertheless, Figure 3.11 shows 
the pressure drop data for this tube being oveFpredicted by only 40% 
at the higher Re range. While the severe overestimation of the Gee 
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Figure 3.9. Comparison of friction correlations with data 
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Figure 3.10. Comparison of friction correlations with data 
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for Tube 3 
106 
the Nakayama et al. [25] correlation is surprising. The reason for this 
is not clear, since this correlation, as stated by the authors, is valid 
only for 11 < p/e <14. It is speculated that at an extremely small 
p/e ratio (p/e = 3.3), the effect of the helix angle predominates over 
those of the pitch and the roughness height, since the flow is essen­
tially a "gliding" one without any reattachment of the flow to the 
base surface. This possibly explains the reasonably good prediction 
made by this study. 
The above speculation is reinforced by the plot shown in Fig­
ure 3.12, wherein the data for Tube 4 (with p/e = 4.3) are plotted 
along with the predictions by various studies. The underprediction of 
Eq. (2.9) by 25% is well within its stated level of accuracy. Unlike 
the prediction for Tube 3, the correlation of Nakayama et al. [25] 
underpredicts the data by a slightly higher value than that of the 
present study, especially for Re greater than 12,000. The effect of 
p/e seems to reduce the accuracy of the correlation for this tube. 
It is clear from these experiments that the pressure drop corre­
lation, Eq. (2.9), is in good agreement with the experimental data, in 
spite of the fact that only one tube strictly conforms to the type con­
sidered in this study. The correlation provides reasonable estimates, 
better than those from existing studies, even for tubes with very large 
roughness (Tube 1), wide ranges of helix angles, and p/e ratios. 
The increases in enhanced tube pressure drop over smooth tube 
increases are found to be around 100 to 200% for these tubes. One 
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data. While Tubes 1 and 3 show a marked dependence on Re, Tubes 2 and 
4 show no such dependence. Additionally, the difference in trends for 
Tubes 3 and 4, which are produced by the same technique, shows that the 
phenomena governing the rough tube flows are much more complex, and 
more detailed studies may be warranted in determining the relationship 
between the different flows and the various parameters. 
3. Heat transfer for enhanced tubes 
The reduced heat transfer data are plotted in Figures 3-13 through 
3.16. Because of the decreased viscosity of water during heating, 
slightly higher Reynolds numbers were attained than for the isothermal 
friction tests. The data are represented simply in terms of Nu and 
Re, with Pr as a parameter. This term is chosen since the correlations 
developed do not involve Pr in the traditional log-linear way. 
The data for the Turbo Refrigerating test section are compared in 
Figure 3.13 with the various correlations. Equation (2.13), the final 
heat transfer correlation of this study, agrees very well with the data 
The correlation of Gee and Webb [21] underpredicts the data only by 20 
to 25%. However, the correlation of Nakayama et al. [25] underpredicts 
the data by more than 60%. This is related to their underprediction of 
the friction factor data for this tube. It should be recalled that the 
estimation fell more than 30% below the experimental friction data. 
The criticality of this underprediction is reflected by the curve of 
Nakayama et al., which predicts heat transfer rates lower than smooth 
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Figure 3.13. Comparison of heat transfer correlations with 
data for Turbo Refrigerating tube 
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Figure 3.14 compares the experimental data for heat transfer for 
Tube 2 with the existing correlations and the present study. The pres­
ent study and the study of Nakayama et al. [25] overpredicts the data 
for Re less than 15,000 and underpredicts the data for Re greater than 
30,000. However, the present heat transfer correlation is considerably 
better, with the predictions falling within ±20 percent of the data 
for the whole range of Re. The figure for the Gee and Webb correlation, 
Eq. 2.16 was below the data by 30% at Re = 10,000 to 50% at 50,000. In 
contrast to the previous tube, the Nakayama et al. [25] correlation 
works better than that of Gee and Webb [21], thereby illustrating the 
contrariness of the various studies with different tubes. 
This-predicament is again illustrated in Figure 3.15, which shows 
the results for Tube 3. Unexpectedly, the Gee and Webb correlation 
provides a reasonable prediction, although it should be remembered 
that the friction factor prediction was extremely high (Figure 3.11]. 
The only plausible explanation is that the errors introduced through 
the overestimation of f are nullified by the underprediction of the 
heat transfer correlation, resulting in a good curve. This aspect is 
more clearly demonstrated by the other study. Even though the pressure 
drop prediction was excellent, the calculated Nu, which is a function 
of f, falls well below the experimental data. 
These results evidence the disadvantages associated with the 
analogy approach and the need to establish a more perfect analogy 
between heat and momentum transfer for application to correlations. 
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perfect prediction curve for the experimental data as shown in the 
figure. This is in spite of the errors introduced in the prediction 
of friction for the same tube; however, the separation of the friction 
and heat transfer problems prevents the propagation of pressure drop 
error into the evaluation of heat transfer coefficient. 
Further, the figure shows no noticeable difference between the 
low flux data and the high flux data. The low flux experiments were 
2 
conducted with heat input at around 12,000 Btu/hr-ft while high flux 
2 data correspond to a heat input of more than 75,000 Btu/hr-ft.. This 
is in sharp disagreement with the findings of Yampolsky [55], who con­
ducted experiments on similar tubes. His findings state that the heat 
transfer coefficient decreases with heat flux, especially for cooling 
experiments. 
The testing of the other General Atomic tube yielded similar 
results as shown in Figure 3,16. As before, the heat transfer corre­
lation of this study is in excellent agreement with the data even for 
Re less than 5,000. The correlation of Gee and Webb calculates Nusselt 
numbers that are below the data (10 to 15%), while that of Nakayama et 
al. [25] underpredicts by more than 50% for Re greater than 15,000. 
The argument given for Tube 3 holds for this tube as well, since the 
trends are very similar. This incorporates a certain amount of spec­
ialization to these correlations, thereby contributing to their non-
generality. 
The friction factor of these four tubes varied noticeably, but 
this was not the case with the heat transfer enhancement. The value 
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Figure 3.16. Comparison of heat transfer correlations with 
data for Tube 4 
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of Nu, which is 70 to 80 at Re = 5,000 and increases to 350 to 400 at 
Re = 30,000, yields an enhancement over the smooth tube of about 80% 
at lower Re flows and slightly more than 100% at higher Reynolds numbers. 
Also, the isothermal pressure drop data fall in line with those taken 
under heating conditions. This adds to the contention that the drag 
on a rough wall is a form drag, not an eddy transport phenomenon [56], 
since temperature has a direct effect on an eddy phenomenon. This 
also strongly suggests that turbulent Prandtl number, which relates 
the eddy diffusivities for heat and momentum transfer, is different 
from unity for enhanced tubes. Although other correlations were found 
to predict the experimental data with reasonable accuracy for some of 
the tubes, Eqs. (2.9 and 2.13) were consistently able to estimate the 
pressure drop and heat transfer values more accurately than the existing 
correlations for almost all of the tubes. One of the factors for the 
uncertainty of the existing correlations is that they are not truly 
general for reasons explained in Chapter I. Moreover, the correlations 
are based on data for tubes fabricated using a particular technique. 
Complete data for these heating experiments are provided in 
Appendix F. 
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IV. EXPERIMENTAL VERIFICATION OF CORRELATIONS FOR 
AIR UNDER COOLING CONDITIONS 
Once the correlations were tested with experiments under heating 
conditions, using a relatively high Pr fluid such as water, a reason­
able next step was to test under cooling conditions with air since 
that apparatus was also available. The test facility was used in a 
previous study of tubular inserts for fire-tube boilers [57]. Since 
the apparatus was designed only for inserts, the wire coil insert was 
the only type of roughness that could be conveniently tested. Wire 
coil inserts have actually been used for fire-tube boilers because 
they are effective heat transfer enhancement devices and they can be 
removed for cleaning. 
In the usual case where the coils are uniform in diameter and in 
contact with the tube wall, the wire acts as a roughness element. The 
flow separation and reattachment are similar to that produced by inte­
gral roughness elements created by rolling or swaging. The wires are 
usually in poor thermal contact with the tube; however, the fin effect 
of any of these roughness elements is rather small. At usual veloci­
ties, the flow that follows the coil is predominantly axial rather 
than swirling. This simulates a ribbed tube, and therefore, the cor­
relations discussed in Chapter I should be applicable to wire coil flows. 
A. Experimental Apparatus 
An apparatus was available that had been developed to determine 
the thermal-hydraulic performance of various turbulator inserts with 
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cooling of air. This test rig consisted basically of a blower suit­
able for producing Reynolds numbers on the order of 10,000, a heater 
box to heat the air to over 300°F, and the actual test section where 
the performance of the inserts was to be evaluated. The cooling water 
jacket of the test section simulated fire-tube boiler conditions while 
serving as a calorimeter. 
1. Flow system 
The U-shaped flow system that provided hot air to the test section 
is depicted in Figure 4.1. A centrifugal blower having a rating of 
600 SCFM at a head of 6 in. of water was used. After leaving the blower, 
the air passed through flow straighteners and a flow development length 
of 10 ft before entering an orifice meter. Eight feet downstream from 
the orifice meter, the air passed through an elbow before entering the 
heater box. A photograph of the blower and the orifice meter, which 
formed the first part of the rig, is shown in Figure 4.2. 
The heater box was fabricated from 22-gage sheet steel in three 
parts: an inlet rectangular diffuser section varying in cross section 
from 6 in. x 6 in. at the entrance to 21 in. x 11 1/4 in. over a length 
of 72 in. The flow was at low velocity as it entered the 8-in.-long 
section containing a Chromalox Process Air Duct Heater, Model ADHT-
OlOXX, rated at 10 KW, 240 V, 3 phase. The box cross section was 
reduced from 21 in. x 11 1/4 in. back to 6 in. x 6 in. over a length 
of 50 in. downstream of the heater. Each part of the box was fabri­
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Figure. 4.2. Photograph of first stage of flow system 
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Three autotransformers were connected in a 208 V Delta circuit to 
provide the electrical input to the heater. High-temperature insulat­
ing gasket material was used to prevent direct contact between the 
heater and the duct. An over-temperature protector was included in 
the electrical circuit to cut off electrical power to the heater once 
a predetermined temperature was reached. A motorized mixer was pro­
vided to minimize thermal stratification within the heater duct. 
The hot air coming out of the heater box passed through a bend 
into a developing length of 20 ft before entering the test section. 
After passing through the test section, the air was exhausted into a 
5-ft-long pipe section before discharge outside the building. The 
heater box and piping leading into and out of the test section were 
insulated with calcium silicate blocks capable of withstanding temper­
atures of more than 1500°F. These blocks were covered with an addi­
tional layer of glass fiber to minimize the heat loss. A close-up 
view of the heater-box assembly is shown in Figure 4.3. 
The test section was insulated simply with glass fiber since the 
outside temperature of the calorimeter was less than 150°F. Precau­
tions were also taken to insulate the hypodermic tubing carrying ther­
mocouple leads for measuring temperatures. 
2. Test section 
The test section shown in Figure 4.4 was based on a 3 in. o.d. 
carbon, drawn-on-mandrel steel tube with i.d. of 2.675 in. to provide 






Figure 4.3 Photograph of heater box assembly 
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Figure 4.4 Schematic diagram of test section 
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flanged at the ends to facilitate installation and removal of inserts. 
Each end of the tube was fitted with three pressure taps spaced equally 
around the circumference. Tube wall temperatures were measured with 
chrome1/alumel thermocouples fitted into axial slots milled partway 
through the tube wall. Five axial locations for these thermocouples 
were chosen to correspond with the water calorimeter cooling sections 
described below. Three thermocouples were installed at each axial 
location and spaced equally around the tube circumference. The thermo­
couples were made of welded junctions and were inserted into the slots 
through small tubes passing under the calorimeter cooling sections. 
The water calorimeter for cooling the gas and conducting energy 
balances was made of 1/4 in. i.d. copper tubing wound around the tube. 
Prior to installation, the outside of the steel tube was cleaned and 
tinned. Then the copper tube was soldered to the outside using a low-
temperature (430®F) silver-bearing solder, All State No. 430, and 
Duzall liquid flux. Heating was by a torch; to facilitate rotation, 
the tube was installed in a lathe and the copper tubing was soldered 
to the steel tube as it was being tightly wound. 
The calorimeter tubing was connected as four separate subsections 
in series, with water temperature measured at the inlet and outlet of 
each subsection. This feature, together with the wall thermocouples 
installed as described above, permitted the determination of four sec­
tional-average gas side heat transfer coefficients. 
Also, in order to minimize the axial conduction from the test 
section, two teflon spacers, 2 1/2 in. and 1 1/2 in. thick, were placed 
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at the inlet and outlet of the test section, respectively. Four ther­
mocouples were inserted on either side to measure the temperature drop 
across the spacers so that the axial conduction could be estimated. 
3. Instrumentation 
The basic measurements needed were the air and water mass flow 
rates and the various air and water bulk temperatures. Also required 
for calculation of the heat transfer coefficients were the wall temper­
atures. Additionally, the pressure drop is required to calculate the 
friction factor. 
The air flow was controlled by a blast gate at the blower outlet 
and passed through flow straighteners before entering the section up­
stream of the ASME orifice. The pressure drop across the orifice was 
monitored by a differential pressure transducer, which was connected 
via a Scanivalve to a piezometer ring attached to the multiple pressure 
taps. The same system was used to measure static pressure. The mass 
flow rate was found using standard ASME procedures and equations. 
Also measured were the static pressure at the test section inlet and 
pressure drop across the test section. 
The temperatures measured were the wall temperatures along the 
test section, inlet and outlet air temperatures, water temperatures at 
the inlet and outlet of each segment of calorimeter tubing, and the 
room temperature. Thermocouples were made of 28 ga chromel/alumel 
wire, referenced to a 150°F Whitaker reference junction. Both temper­
ature and pressure signals were recorded digitally by the Heat Transfer 
Laboratory Data Acquisition System [58]. The various units used for 
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this system were the same as the ones used for the heating experiments, 
namely a HP 3495A scanner, a HP 3455A digital voltmeter, and a 9845B 
computer. Finally, the water flow rate was measured directly using a 
container on a sensitive balance and a stopwatch. 
B. Wire Coils 
In an effort to verify the effects of roughness and pitch, five 
wire coils were specified. The dimensions of these coils are provided 
in Table 4.1. Coils B, C, and D were designed such that the different 
wire diameters simulated the different roughness heights with the helix 
angle, hence, pitch, maintained constant. Coils E and F had the same 
roughness height as Coil B, but these three coils had different pitches. 
These coils were fabricated at the ISU Engineering Research Institute. 
The coils were wound from music wire made of spring steel, by 
winding the wire around a hollow tube held between the two centers of 
a lathe. The wire was guided through the tool post and the necessary 
pitch was provided by the lead screw control. The outside diameters of 
all the coils were maintained close to 2.65 in. The coils were inserted 
into the smooth tube by hand by twisting and pushing at the same time. 
Once inside the tube, the coil unwound itself securely along the inside 
surface of the tube. 
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CB 0.1 2.0 76 2.67 71.0 
CC 0.126 2.0 76 2.67 71.0 
CD 0.063 2.0 76 2.67 71.0 
CE 0.1 1.61 79 2.67 71.0 




C. Experimental Procedure 
1. Testing and data acquisition 
After the blower and the water pump were started, the electrical 
heater was switched on. The over-temperature controller was set preset. 
Initially, the air flow was kept low so that the system could warm up 
faster. Normally, the time needed for the air temperature at the test 
section inlet to reach 300°F was approximately three hours. The stirrer 
raised the temperature of the air considerably (sometimes up to 40°F) 
through uniform mixing around the heater. The flow rate was then 
adjusted for the run requirements. When steady state was reached, the 
temperature drop from the heater box to the test section was less than 
25°F. Whenever the flow rate (Reynolds number) was subsequently 
changed, it took about 20 minutes to attain steady-state conditions on 
both air and water sides. The water flow rate was set at about 0.2 gpm, 
which represented a good compromise between an accurately measurable 
temperature rise and a nearly isothermal tube wall. 
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Once the steady state was reached, the reading of various temper­
atures and pressures could be done in about one minute through the 
data acquisition system. A program was written that enabled the system 
to take all the required measurements as well as reduce them to relevant 
information. The data reduction program listing is given in Appendix G. 
2. Data reduction 
The computer was instructed to scan inlet air and outlet water 
temperatures for steady state. At steady state, all thermocouples and 
previous transducer readings were read, quantities were calculated, 
and the heat balance was checked: 
= % (4.1) 
Agreement to within 5% was required to validate a run. (Most energy 
balances agreed to within 2% or 3%.) If acceptable, the data reduction 
was concluded and the results were printed. 
Average heat transfer coefficients were determined for each calori­
meter segment of the test section. Starting at the first segment, the 
energy added to the water was obtained from a - q =mc (T . - T .) 
^ ^c w pw w2 wl 
where q^ is the estimated heat transfer to the water by conduction from 
the upstream ducting, q^ = k^A(AT^/AX). Assuming that q^ = q^ 
= m c  ( T , - T - ) , T „  c o u l d  b e  c a l c u l a t e d .  T h i s  i n v o l v e d  i t e r a t i o n  
pa al aZ a2 
since the air specific heat is dependent upon temperature. The average 
surface temperature, T^, was taken as the mean of the two average 
temperatures for the two measuring stations in each section, that is, 
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the linear average of six readings. The heat transfer coefficient, h^, 
was then obtained from the usual expression 
% 1 + L_ ^ T 2nk L 
(4.2) 
The process was repeated using the outlet air temperature at one sec­
tion as the inlet temperature for the next section. The second and 
third segments had no conduction correction; however, there was heat 
gain by the coolant in the fourth section. 
In calculating'the Reynolds number, no allowance was made for the 
blockage of coils. The average Fanning friction factor is given by 
where the measured pressure drop was corrected for the momentum change. 
Again, the cross-sectional area was that of the empty tube without 
consideration of turbulators. 
Uncertainties in Nusselt number, Prandtl number, Reynolds number, 
and friction factor were estimated from a typical run at Re = 12,500. 











Error analysis details and sample calculations are given in Ref. 59. 
1. Smooth tube 
Before the performance of the inserts was evaluated, the experi­
mental apparatus was tested for its performance as a plain tube without 
using inserts. Flows for Reynolds numbers from 6,000 to 25,000 were 
tested. Heat transfer and friction characteristics were determined 
for nominal inlet air temperatures of 330 °F. Errors in the energy 
balance were under 5%, and most balances fell within 2% or 3%. 
The conditions just upstream of the test section approximate an 
essentially uniform temperature gas with a fully developed velocity 
profile. At the cooled test section, a temperature profile develops, 
and the heat transfer coefficient in the first section should be that 
for a developing flow. Further downstream, the temperature profile 
should become fully developed. This behavior is shown in Figure 4.5 
where all Nu for the first section lie above those for the second, 
third, and fourth sections. Equations and curves for Nusselt numbers 
as a function of Reynold number and L/d for the entrance condition in 
a smooth tube have been reported by Wassel and Mills [56]. Data cor-
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Figure 4.5 Heat transfer data for smooth tube 
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rected accordingly are shown in Figure 4.6 together with lines repre­
senting the Petukhov and Popov equation (Eq. (2.12)) for cooling can 
be represented as 
where f is given by the Filonenko [41] friction factor correlation as 
The corrected data generally fall within ±5 percent lines for Reynolds 
numbers greater than 10,000. Below that value, some points fall just 
below the -5% line. The friction data agree well with the above cor­
relation for Reynolds numbers above 8,000 (Figure 4.7); below this the 
flow seems to enter the transition region, resulting in a higher fric­
tion factor. 
2. Friction 
Experiments for the wire coils were conducted over a Re range of 
6000 to 25,000. Pressure drop tests were carried out under both iso­
thermal and cooling conditions. The data were reduced as described in 
Section C, and the friction data were plotted as functions of Re. The 
friction data for the Coils CB, CC, and CD are plotted, along with the 
prediction curves (Eq. (2.9)) for the corresponding coils, in Figure 4.7. 
Similar plots were made for Coils CE and CF, which are shown in Fig­
ures 4.8 and 4.9. The increases in augmented friction over the smooth 
0.45 
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tube value varied from 100% for Coil CD (e/d = 0.0232) to 300% for 
Coil CC (e/d = 0.0468) at Re = 20,000. 
One of the aims of the cooling experiments, verification of the 
correlations (Eqs. (2.9) and (2.13)), was carried out by including in 
the plots the prediction curves for the corresponding coils. In the 
case of pressure drop tests, the data agree well with the correlation 
within 10% of the correlation for all the coils for Re > 10,000. The 
under-prediction by the correlation increases to around 25% as the Re 
is reduced to 6000. An interesting feature of the friction plots is 
the absence of a marked difference between the isothermal and noniso-
thermal f. This is in accordance with the previous studies discussed 
earlier that indicate that the friction factor for gases is lowered by 
only 3% to 5% when the viscosity is reduced by half because of heating. 
The influence of Re on friction, as implied in Chapter II, is 
quite small; however, the friction factor increases slightly as the Re 
is lowered toward the transition region. The increase in friction 
over that of the smooth tube is quite large as the roughness height is 
introduced. As the roughness is increased further, the momentum trans­
fer enhancement declines in intensity. 
The overall effect of the roughness height on increasing the pres­
sure drop is amply demonstrated by the behavior of the Coils CB, CC, 
and CD, as shown in Figure 4.7. Also, the conventional belief that 
increasing the helix angle increases the pressure drop is confirmed by 
the friction data of Coils CB, CE, and CF, shown in Figure 4.10, where, 
for the sake of clarity, only nonisothermal friction data are plotted. 
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Figure 4.10. Effect of pitch of roughness on friction 
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3. Heat transfer 
The reduced heat transfer data are plotted for Coil CC (Fig­
ure 4.11), which gave maximum heat transfer enhancement, and Coil CD, 
which produced the least heat transfer increase (Figure 4.12) with the 
performance of Coils CB, CE, and CF falling in between. The prediction 
curves calculated from the heat transfer correlation, Eq. (2.13), are 
also drawn along with the experimental data. As can be seen from these 
two figures, the agreement between the prediction curves and the data 
is very good. Figure 4.13, which compares the data of Coils CB, CC, 
and CD, shows the direct effect of roughness height on heat transfer. 
The effect of roughness pitch is opposite to that of the height as can 
be seen from Figure 4.14. The percentage increase in heat transfer due 
to the coils ranges from 70% for small wire diameters to 100% for coil 
with a larger wire diameter (Coil CC) over the smooth tube values. 
These increases are much smaller than those experienced for pressure 
drop, which confirms the argument that the turbulence induced by the 
ribs affects the pressure drop more than the heat transfer. 
Although no pressure drop correlations exist exclusively for 
coils, Kumar and Judd [27] proposed the following correlation for heat 
transfer: 
(Nu/Pr)l/3 = 0.0554 (f^ Re^)°*^®^ 
for which the friction factor has to be determined experimentally. 
Their correlation drawn in Figures 4.11 and 4.12 under-predicts the data 
by nearly 50%. This substantiates the effect of roughness height and 
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pitch on Nu and affirms the necessity of including these variables in 
any heat transfer correlation. The experimental data for the cooling 
experiments are provided in Appendix H. 
These experiments decisively show the effectiveness of the corre­
lations developed in this study (Eq. (2.13)) for cooling conditions. 
Also, the experiments display the absence of any noticeable secondary 
effect due to the mode of heat transfer, which is so common for the 
smooth tube flows. The applicability of the heat transfer correlation 
to relatively low Pr fluids and of the friction correlation to both 
isothermal and nonisothermal conditions, because of the insensitivity 
of f to temperature gradients, makes them both useful for a variety of 
applications. 
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V. -FLOW VISUALIZATION 
Although pressure drop and heat transfer in ribbed tubes have 
been widely studied, the physical nature of the flow that is actually 
responsible for the augmentation is not yet clearly understood. This 
has made flow pattern analysis an important aspect of many investiga­
tions. Reasonable evidence suggests that two basic types of flow can 
occur in a ribbed tube. The first is the rotational flow mainly caused 
by the helix angle of the ribs. The extent to which this is carried 
from the near wall region into the core depends on the existing flow 
conditions. 
The other type of flow commonly encountered in ribbed tubes is 
crossover flow. The momentum in the axial direction is much larger 
than the angular momentum caused by the ribs; this results in the 
fluid crossing over the ribs. One of the characteristics of this flow 
is the reattachment of the fluid to the surface between the ribs. The 
reattachment length depends on the ratio of roughness pitch to height. 
Further, the spaces between the ribs and the reattachment point (up­
stream and downstream) are characterized by recirculation zones as 
noticed by Hishida et al. [60]. 
The type of flow existing in a ribbed tube depends, to a large 
extent, on the roughness height, helix angle of the roughness, Re, 
pitch of roughness, and to a lesser extent on the profile shape. Li 
et al. [24] report the existence of rotational flow for both laminar 
and turbulent flows. A more interesting observation was made by 
Nakayama et al. [25], who noticed the change of flow from a rotational 
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to a crossover pattern as the helix angle is increased, with the tran­
sition occurring between 45® and 60®. The main purpose of the present 
flow visualization study is to gain insight into the qualitative 
effects of the major parameters affecting the flow pattern. 
A. Experimental Apparatus 
A schematic diagram of the complete apparatus is shown in Fig­
ure 5.1. 
The experimental setup used an available constant-head reservoir 
that was supplied with city water through an inlet at the bottom. The 
tank itself was divided into two halves by a wall of baffles. The 
entering water was calmed by the baffles before it entered the other 
half of the tank. An overflow drain maintained a constant head in the 
tank. The fluid outlet was on the side wall near the bottom- The 
water from the outlet passed through a transparent 3/4 in. diameter 
plexiglas tube, where the actual experimentation was carried out. The 
flow in the tube, and hence the Reynolds number, were controlled by a 
needle valve at the end of the tube. The flow rate was metered using 
a stop-watch and a sensitive balance. 
Wire coils were inserted into the transparent tube, thereby simu­
lating ribbed tubes. The visualization of the flow patterns was aided 
by injection of colored dye into the tube. In order to differentiate 
between the different types of flow that might exist near the wall and 
in the core, dyes of different colors were introduced at different 
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Figure 5.1 Schematic diagram of flow visualization apparatus 
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itself. The dyes, which facilitated the observation of the behavior 
of different layers of fluid, essentially flowed along or parallel to 
the surface of the tube, indicating the absence of any noticeable buo­
yant forces. 
Table 5.1 gives dimensions of the various wire coils that were 
used. A Reynolds number range of 100 to 2600 was considered in this 
study. Also, the disturbances that create the necessary conditions 
for an effective enhancement occur very close to the surface where the 
flow is laminar, even when the core flow is at a very high Re. The 
lighting was provided by two 200-W flood lights. The still pictures 
were taken with an exposure time of 1/250 sec with IS0400 35 mm color 
slide film. These photos are reproduced in Figures 5.2 to 5.11. 
Table 5.1. Specification of wire coils used for flow visualization 
Wire dia. Pitch of coil 
No. [in,.] [in.] 
1 0.0375 0.75 
2 0.062 0.75 
3 0.09 0.75 
4 0.062 3.5 
5 0.0375 0.875 
Outside diameter of coils d = 0.75 in. (same as tube diameter) 
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B. Inferences 
The following inferences on the effects of the roughness height, 
helix angle, and Re can be drawn from these figures: 
1. As the roughness height increases, the transition Re decreases 
(Figures 5.2 and 5.3). 
2. An increasing roughness height increases the angle of rota­
tion (Figure 5.4). 
3. The thickness of the rotational layer is inversely propor­
tional to Re (Figures 5.5 and 5.6). 
4. Decreasing the helix angle delays the onset of turbulent flow 
to a higher Re (Figures 5.7, 5.8, and 5.9). 
5. The thickness of the rotational layer decreases with the 
decreasing helix angle. This is clearly seen in Figure 5.3 
from the different angles of rotation of the red and blue 
dyes. 
6. Rotational angle tends toward the rib helix angle as Re is 
increased (Figures 5.8, 5.9, and 5.10). 
7. Figure 5.11 indicates the presence of a rotating layer of 
fluid even at turbulent (or at least transitional) flow 
(Re = 2600). 
Since most of the resistance to heat transfer occurs in the lami­
nar sublayer, any disturbance to it should contribute positively to 
heat transfer augmentation. Both the reduction in sublayer thickness 
(through higher Re) and setting a rotational motion (through the intro­
duction of a helical rib) will result in a heat transfer increase. 
Effect of roughness height on augmented flow for Coil 1 
Figure 5.3. Effect of roughness height on augmented flow for Coil 2. 
150 
Figure 5.4. Effect of roughness height on augmented flow for Coil 3. 
Figure 5.5. Roughness effect on rotational layer at Re = 150. 
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Figure 5.6. Roughness effect on rotational layer at Re = 300. 
JOOO 
Figure 5.7. Helix angle effect on onset of turbulent flow (a = 72°). 
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Figure 5.8. Helix angle effect on onset of turbulent flow (a • 34°). 
Figure 5.9. Helix angle effect on rotational layer thickness. 
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Figure 5.10. Effect of Re on rotational angle. 
Figure 5.11. Flow at Re = 2600 (Coil l)-
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While the roughness height introduces rotation into the laminar flow, 
any excessive height will likely compromise the heat transfer gain 
through a large increase in pressure drop. This is primarily because 
the crossover pattern of the already heavily turbulized layers causes 
a drag on the rib with little benefit to the heat transfer enhancement. 
The flow visualization tests in the present study prompt some 
interesting inferences on the effects of ribs. Although highly quali­
tative, these inferences strongly suggest the existence of both rota­
tional and crossover patterns in flow over a ribbed surface even at 
turbulent flow, which is also inferred by Yampolsky et al. [61]. More 
detailed studies are needed to get quantitative information on the 
effects of the variables involved, and the flow patterns they form, in 
order to understand fully their influence on heat transfer enhancement. 
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VI. APPLICATION OF CORRELATIONS 
Introducing roughness in tubes increases the turbulent heat trans­
fer coefficient, but there is usually a much larger percentage increase 
in friction factor for constant geometry and flow conditions. This 
necessitates the use of an optimum roughness that produces the best 
desired effect. Several investigations [62,63] suggest optimum values 
for the variables, such as roughness Re and roughness pitch, for use 
with heat exchangers involving different fluids. Further, the condi­
tions under which heat exchangers operate vary widely, thereby requir­
ing different optimum values of roughness for each case. Heat 
exchanger performance for these conditions can be evaluated through 
use of various thermal-hydraulic performance evaluation criteria (PEC) 
that have been developed by several investigators [20,64]. One such 
study that details most of the criteria has been presented by Bergles 
et al. [65]. The PEC proposed by them have been reproduced in Table 6.1. 
These criteria were defined purely on the basis of performance of heat 
exchangers, neglecting the effects due to the rest of the system. 
Moreover, only internal resistance is considered, disregarding other 
factors such as change in AT, external resistance, and the effects of 
fouling. 
However, the conditions under which heat exchangers operate are 
far from the assumed ideal conditions. There is the severe pressure 
loss that is encountered in headers, valves, and other piping components 
These losses can be several times the losses in evaporator or condenser 
tubes, especially in OTEC power plants and desalination plants, where 
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Table 6.1. Summary of criteria evaluations 
Criterion Number 
Variable 12 3 4 5 
Fixed 
Basic geometry X X X X 
Flow rate X XX 
Pressure drop X X
Pumping power X X 
Heat duty X X X X X 
Objectives 
Heat transfer increase XXX 
Pumping power reduction X 
Exchanger size reduction X X X X 
miles of supply lines and large quantities of fluids may be necessary. 
Moreover, the problems of "microfouling" and "biofouling" tend to 
affect the performance of heat transfer components in these plants. 
Mechanical devices such as the M.A.N, brush are able to control the 
deviation of the heat transfer coefficient within 9% of the clean tube 
value [66,67]. Also, intermittent chlorination maintains the fouling 
2 
resistance within 0.00025 hr-ft F/Btu by preventing the development of 
the microfouling layer [68]. Fouling and cleanability need to be con­
sidered when evaluating the heat transfer coefficient increases in 
enhanced tubes that operate under more adverse conditions. 
The optimum geometry of the roughness and the resulting savings 
were evaluated under ideal conditions, and the adverse effects of non-
ideal conditions on the savings are illustrated through a test case. 
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A. Optimlzatioa of Heat Exchanger Design 
Of all the PEC, perhaps the most commonly used criteria are mini­
mum heat exchanger surface area under conditions of constant heat duty 
and pumping power (R^) and maximum heat duty under constant surface 
area and pumping power (R^). The R^ factor is defined as the ratio of 
the heat transfer rates of the augmented tube to that of the smooth 
tube as given below 
R  ^ ^ \  
^ X'^s/ d.,L,N,P,Ti,AT hg 
( 6 . 1 )  
The condition of equal pumping power yields the relation 
f Re^ A = f Re^ A 
s s xs a a xa 
where A and A are the cross-sectional area of the smooth and the 
xs xa 





0 . 2  ( 6 . 2 )  
in the above relation and simplifying yields the constraint equation 
= 21.7 ^  f Re 




The Rj criterion is defined as the ratio of the heat transfer 
area of the smooth tube to that of the augmented tube: 
*5 = ( ^) = r (6.4) \^s/q,P,d,T^,AT '"a 
The derivation of the constraint equation is similar to that of 
Eq. (6.3), and the corresponding smooth tube Re is evaluated from the 
following equation: 
0-5 f Ref d 
where again, for simplicity, the Dittus-Boelter equation, 
Nu = 0.023 Re°'Gpr°'4 
S 
has been used for the smooth tube Nusselt number. 
It must be emphasized that the above PEC are idealized in the 
sense that they disregard changes in temperature gradients along the 
tube and thermal resistances other than that of the tube-side flow. 
The result is an optimistic figure of merit (heat duty increase or sur­
face area decrease); however, the evaluation does give a relative rank­
ing of augmented tubes as well as an indication of the optimal geometric 
parameters. 
First, the optimum geometry of a ribbed tube for the R^ criterion 
was evaluated for fixed Re and Pr. A simple univariate search method 
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was used in estimating these variables. In this method, the effects 
of the various parameters on were studied one by one while the rest 
of the variables were held constant. The ranges considered for the 
variables were Re: 10,000-100,000; Pr: 0.7-35; e/d: 0.01-0.1; P/e: 
5-50; and a/90: 0-1.0. 
Figure 6.1 shows the effects of Re and Pr on R^. As can be seen 
from the plot, both the Reynolds number and the Prandtl number have 
only marginal effect on the increase in heat duty. The individual 
effects of the geometrical parameters are shown in graphic form in 
Figures 6.2 to 6.4. All these curves were drawn with two of the three 
variables e/d = 0.02, p/d = 0.5, and Of/90 = 1.0 held constant. A Pr 
of 6.0 was considered for the evaluations. Furthermore, three differ­
ent Reynolds numbers, 10,000, 50,000, and 90,000, were considered. 
While the e/d curve shows an optimum at 0.016, the effect of increasing 
the pitch is to decrease the enhancement effectiveness. Finally, the 
optimum helix angle was found to be 90*, although a different value, 
e.g., 80°, reduces the value of Rg by only 3%. The resulting R^ value 
for these optimum values was 1.674, indicating an increase in heat 
duty of more than 65%. 
The heat exchangers used in Ocean Thermal Energy Conversion (OTEC) 
plants are enormous in size. These condensers and evaporators have 
very large surface area, and any reduction in area could result in 
considerable savings in material, installation, and maintenance costs. 
The criterion most appropriate for this OTEC application involves 
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power and heat duty, [69]. The optimization of the criterion 
was carried out along similar lines. To address the flow parameters 
first, R^ is shown as a function of Re and Pr in Figure 6.5. It is 
clear that while Re has a small effect on the optimization, Pr has 
almost no effect. Thus, further optimization of tube geometry was 
carried out with Pr fixed at 6. Figures 6.6 to 6.8 show R^ as a func­
tion of the tube parameters. Each plot has three curves drawn at Re 
= 10,000, 50,000, and 90,000. Figure 6.6 shows that the optimum e/d 
falls between 0.026 for Re = 10,000 and 0.018 for Re = 90,000. The 
corresponding values of R^ at these optimum values are 0.58 at low Re 
and 0.54 at high Re, resulting in a reduction of about 42% and 46%, 
respectively, in the surface area. Figure 6.7 shows the variation of 
Rg as a function of pitch; the monotonically decreasing curves suggest 
the smallest p/e. Hence, the optimum values of e/d and p/e decide the 
pitch to be used. In a similar treatment of helix angle, the optimum 
angle turns out to be 90®, irrespective of Re (Figure 6.8). 
Table 6.2 provides the values of R^ for different geometries in a 
ready-to-use form in designing heat exchangers. Similar values for R^ 
are provided in Table 6.3. These tables were prepared for a Reynolds 
number of 30,000. 
B. A Test Case 
Although the idealized R^ criteria yield excellent and encourag­
ing results, it is anticipated that the actual values will be much 
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Table 6.2 Summary of R3 values for different rib tube geometries 
R3 = hg/hg (Re=30,000) 
ANG/90 p/d e/d 






0 .80  
0.90 
1.00  
0.20 1.373 1.534 1.62 1.67 
0.40 1.215 1.342 1.41 1.46 1. ,49 1. 51 1. 53 1. 53 1. 54 
0.60 1.143 1.247 1.31 1.35 1. ,38 1. 40 1. 41 1. 42 1. 43 
0.80 1.102 1.188 1.24 1.28 1. ,31 1. ,33 1. 34 1. 35 1. 36 
1.00 1.075 1.147 1.19 1.23 1. ,25 1. 27 1. 29 1. 30 1. 31 
0.20 1.447 1.580 1.63 1.65 
0.40 1.272 1.384 1.43 1.45 1. ,46 1. ,46 1. 46 1. 45 1. 44 
0.60 1.187 1.283 1.32 1.35 1. ,36 1. ,36 1. 36 1. ,35 1. 35 
0.80 1.136 1.219 1.26 1.28 1. ,29 1. ,29 1. 29 1. ,29 1. 29 
1.00 1.102 1.173 1.21 1.23 1. ,24 1, ,25 1. ,25 1. ,25 1. ,25 
0.20 1.495 1.592 1.61 1.60 
0.40 1.313 1.400 1.42 1.42 1, .41 1, .40 1. ,39 1. ,37 1. ,36 
0.60 1.221 1.300 1.32 1.33 1, 32 1, 32 1. ,31 1. ,29 1. 28 
0.80 1.164 1.235 1.26 1.26 1, .26 1, .26 1. ,25 1. ,24 1. ,23 
1.00 1.125 1.188 1.21 1.22 1, .22 1. ,22 1. ,21 1. ,20 1. ,20 
0.20 1.530 1.593 1.58 1.56 
0.40 1.345 1.411 1.41 1.40 1, .38 1, .36 1, 35 1, .33 1. ,31 
0.60 1.250 1.314 1.32 1.31 1. 30 1, .29 1, 27 1, .26 1. 24 
0.80 1.190 1.249 1.26 1.26 1, .25 1, .24 1, 22 1, .21 1, .20 
1.00 1.147 1.202 1.21 1.21 1 .21 1 .20 1, .19 1, 18 1, .17 
0.20 1.560 1.599 1.58 1.54 
0.40 1.376 1.425 1.41 1.40 1 .37 1 .35 1, .33 1, 31 1 ,29 
0.60 1.279 1.331 1.33 1.32 1 .30 1 .28 1. 26 1, 25 1 ,23 
0.80 1.217 1.269 1.27 1.26 1 .25 1 .23 1 .22 1 .21 1 .19 
1.00 1.172 1.222 1.23 1.22 1 .21 1 .20 1 .19 1 .18 1 .17 
0.20 1.592 1.615 1.58 1.54 
0.40 1.408 1.448 1.43 1.41 1 .38 1 .35 1 .33 1 .31 1 .29 
0.60 1.311 1.357 1.35 1.33 1 .31 1 .29 1 .27 1 .25 1 .24 
0.80 1.247 1.295 1.29 1.28 1 .27 1 .25 1 .23 1 .22 1 .20 
1.00 1.201 1.250 1.25 1.24 1 .23 1 .22 1 .21 1 .19 1 .18 
0.20 1.628 1.642 1.60 1.56 
0.40 1.445 1.480 1.46 1.43 1 .40 1 .38 1 .35 1 .33 1 .31 
0.60 1.347 1.391 1.38 1.36 1 .34 1 .32 1 .30 1 .28 1 .26 
0.80 1.282 1.331 1.33 1.31 1 .30 1 .28 1 .26 1 .25 1 .23 
1.00 1.234 1.286 1.29 1.28 1 .27 1 .25 1 .24 1 .23 1 .21 
0.20 1.670 1.680 1.64 1.59 
0.40 1.486 1.521 1.50 1.47 1 .44 1 .41 1 .39 1 .36 1 .34 
0.60 1.387 1.433 1.42 1.40 1 .38 1 .36 1 .34 1 .32 1 .30 
0.80 1.320 1.373 1.37 1.36 1 .34 1 .32 1 .31 1 .29 1 .27 














Table 6.3 Summary of R5 values for different rib tube geometries 
R5 = hg/hg (Re=30,000) 
ANG/90 p/d e/d 































0. 09 0. 1 
0.20 0.615 0.525 0.485 0.46 




0.60 0.797 0.704 0.655 0.62 0, .60 0. 59 0, .58 0. 58 0. 57 0. 574 
0.80 0.839 0.754 0.705 0.67 0, .65 0, .64 0, .63 0. 62 0. 62 0. 616 
1.00 0.869 0.793 0.745 0.71 0, .69 0, .67 0, >66 0. 66 0. 65 0. 651 
0.20 0.570 0.503 0.480 0.47 
0.40 0.685 0.607 0.577 0.56 0, .55 0, .55 0, .56 0. 56 0. 56 0. 572 
0 .40 0.60 0.754 0.675 0.642 0.62 0. 62 0, .61 0, .61 0. 62 0. 62 0. 627 
0.80 0.803 0.727 0.692 0.67 0, .66 0, . 66 0, .66 0. 66 0. 66 0. 668 
1.00 0.839 0.767 0.732 0.71 0, .70 0 .69 0, .69 0. 69 0. 69 0. 700 
0.20 0.544 0.497 0.488 0.49 





0.60 0.725 0.662 0.643 0.63 0 .64 0 .64 0 .65 0. 66 0. 66 0. 676 
0.80 0.775 0.712 0.691 0.68 0 .68 0 .68 0 .69 0. 70 0. 70 0. 714 
1.00 0.814 0.753 0.730 0.72 0 ,72 0 .72 0 .72 0. 73 0. 73 0. 744 
0.20 0.527 0.496 0.497 0.50 
0.40 0.632 0.590 0.585 0.59 0 .60 0 .61 0 ,62 0. 63 0. 64 0. 658 
0 .60 0.60 0.701 0.652 0.644 0.64 0 .65 0 .66 0 ,67 0. 68 0. 69 0. 707 
0.80 0.752 0.700 0.689 0.68 0 .69 0 .70 0 ,71 0. 72 0. 73 0. 742 
1.00 0.792 0.740 0.725 0,72 0 .72 0 .73 0 .74 0. 75 0.  76 0. 768 
0.20 0.512 0.493 0.501 0.51 
0.40 0.612 0.581 0.583 0.59 0 .60 0 .62 0 .63 0. 64 0. .66 0. 674 
0 .70 0.60 0.678 0.640 0.638 0.64 0 .65 0 .66 0 .68 0. 69 0. 70 0. 719 
0.80 0.728 0.685 0.679 0.68 0 .69 0 .70 0 .71 0. ,72 0. 73 0. 750 
1.00 0.768 0.722 0.713 0.71 0 .72 0 .73 0 .74 0. 75 0.  76 0.  772 
0.20 0.497 0.486 0.498 0.51 





0.60 0.655 0.623 0.624 0.63 0 .64 0 .66 0 .67 0. 68 0. ,70 0,  .713 
0.80 0.703 0.665 0.662 0.67 0 .68 0 .69 0 .70 0. 71 0. ,72 0. ,740 
1.00 0-741 0.700 0.694 0.69 0 .70 0 .71 0 .72 0. ,73 0. 74 0.  ,759 
0.20 0.482 0.475 0.488 0.50 
0.40 0.571 0.550 0.558 0.57 0 .58 0 .60 0 .61 0, .63 0, .64 0, .660 
0 .90 0.60 0.630 0.601 0.604 0.61 0 .62 0 .64 0 .65 0, . 66 0, .68 0.  694 
0.80 0.676 0.640 0.639 0.64 0 .65 0 . 66 0 .68 0, .69 0, 70 0,  .716 
1.00 0.713 0.672 0.667 0.67 0 .68 0 .69 0 .70 0 .71 0 ,72 0, .731 
0.20 0.465 0.459 0.474 0.49 





 0.60 0.605 0.576 0.578 0.58 0 .60 0 .61 0 .62 0 ,64 0 .65 0 .664 
0.80 0.648 0.612 0.610 0.61 0 ,62 0 .63 0 .64 0 .66 0 .67 0 .682 
1.00 0.684 0.642 0.635 0.63 0 ,64 0 .65 0 .66 0 .67 0 .68 0 .694 
171 
Table 6.4. Operating conditions of a 10 MWe OTEC pilot plant 
Evaporator Condenser 
Inlet water temperature (°F) 
Outlet water temperature (°F) 
Water flow rate (gpm) 
Average ammonia temperature (®F) 
Water velocity (ft/s) 
Envelope diameter (in.) 
Roughness height ratio (e/d) 
Roughness pitch ratio (p/d) 
Helix angle (deg) 



















account. For example ; a 10 MW OTEC pilot plant design as planned by 
Stevens et al. [70] is considered here. Figure 6.9 shows the schematic 
diagram of a typical OTEC power cycle. Only the question of internal 
enhancement of the tubes in the shell and tube heat exchangers are 
considered. A computer program developed at the Argonne National Lab­
oratory was used to evaluate the performance of the evaporator and the 
condenser. 
Table 6.4 gives the assumed operating conditions and the resulting 
overall heat transfer coefficients. The geometric parameters of the 
NHg VAPOR FLOW 
NH3 LIQUID FLOW 























Figure. 6.9. OTEC power cycle schematic 
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enhanced tubes were assigned the optimum values that were obtained in 
Section A. The overall heat transfer coefficients U is defined as 
follows : 
1 X o o 
The values of these variables were, respectively, 567 and 443 Btu/hr-
2 ft ®F for ribbed tube and smooth tube in the case of evaporators. The 
2 
corresponding values for condensers are 611 and 436 Btu/hr-ft -°F. 
These result in values of 1.28 and 1.40 for the respective heat ex­
changers. This variation of 8% in values is attributed to the small 
effects of Re and Pr on R^ in addition to the different AT encountered 
in evaporators and condensers. 
C. Discussion 
The idealized optimal values agree well with those suggested in 
previous studies. The optimum e/d is in the same range of values sug­
gested by Withers [23] and Webb and Hong [71], although for a different 
performance criterion. While the optimum pitch is precisely the same 
value put forward by Ueda and Harada [28], the optimum helix angle is 
one of several values suggested by previous investigators. For example, 
Li et al. [24] suggest a value of 90°, which is the same as that found 
in this study, and Gee and Webb [21] propose an angle of 49®. This 
difference of opinion can be explained by the curious behavior of the 
curves in Figures 6.4 and 6.8. The value of R^ remains almost the same 
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for any helix angle greater than 40®, and it is well within the experi­
mental error to choose any angle in this wide range without affecting 
the performance of the tubes. Also, the change in is very small 
even if the tube design varies by 20% from the optimum values. This 
flexibility eases the manufacturing tolerance specifications and re­
duces cost. 
The more realistic values of R^ obtained in the system optimiza­
tion are close to the value of 30% savings computed by Webb [72] , who 
studied the performance and the cost effectiveness of enhanced tube 
heat exchangers, taking into account the external augmentation and the 
tube side fouling. However, further reductions in performance would be 
expected when manufacturing and economic considerations are taken into 
account. A cost optimization study by Horazak and Rabas [73] compares 
the performance of the various commercially available enhanced tubes. 
They conclude that the maximum possible cost reduction due to internally 
augmented tubes alone for high level enhancement and high efficiency 
tubes is only around 15%. This view is also shared by Bharathan et al. 
[74], who suggest that the overall deployment of enhanced tubes should 
be determined by economic tradeoffs in plant design. 
However, since the use of internally ribbed tubes is only one of 
several methods available to reduce the overall cost of a plant, other 
methods such as external augmentation of tubes should also be used as 
well. It is expected that an increased external heat transfer coeffi­
cient [69, 75], in addition to internal augmentation, will further 
raise the performance of the heat exchangers and reduce cost. 
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VII. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
A. Conclusions 
The main goals of this study were to establish a data base for 
friction and heat transfer for single-phase flows in augmented tubes 
from previous investigations, to develop working correlations for the 
same, and, utilizing these correlations, to obtain optimum design var­
iables for the ribbed tube for specific application. Also, the flow 
visualization helped to establish a clearer sense of the physics of the 
flow. On the basis of the above studies, the following conclusions can 
be drawn: 
1. Generalized correlations for friction factor and heat trans­
fer that are applicable to a very wide range of internally 
ribbed tubes are presented (Eqs. (2.9) and (2.13)). Rib 
profile has a significant effect on pressure drop but not on 
heat transfer. 
2. The inclusion of a shape function results in better correla­
tion of the friction factor data. 
3. The reduction of the correlations to the smooth tube condi­
tion with decreasing roughness severity adds to the utility 
of the correlation. 
4. The success of the correlations offers strong arguments for 
a statistical approach in forming generalized correlations 
for tubes with two- or three-dimensional roughness. 
5. Analogy-based correlations use Nikuradse's friction correla­
tion for sand grain roughness height. Inclusion of pitch 
176 
and angle makes the systems dissimilar, and the analogy 
method does not result in particularly accurate correlations, 
as shown by the comparison of these correlations with the 
data base. 
6. Independent experiments confirm the accuracy of the corre­
lations when applied to a wide range of roughnesses and the 
applicability of the correlations to commercially available 
enhanced tubes. 
7. Unlike with smooth tubes, the mode of heat transfer (heating 
or cooling) has negligible effect on ribbed tube flows and 
does not affect the accuracy of the correlations. 
8. Cooling experiments reiterate the established effects of 
roughness height and helix angle on pressure drop and heat 
transfer. 
9. Heating or cooling have negligible impact on the pressure 
drop for the roughness range considered. 
10. These correlations should be useful in the design of heat 
exchangers for a wide variety of energy systems. The corre­
lations are useful in determining the optimum rib parameters 
for such applications as sea-water heat transfer enhancement 
in closed-cycle OTEC systems. 
11. A considerable savings (up to 70%) in heat exchanger surface 
area or increase in heat transfer can be achieved by using 
ribbed tubes for in-tube enhancement, with the optimum rough­
ness parameters of e/d = 0.018, p/d = 0.1, and a/90 = 1.0; 
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however, when applied to a typical plant design, this reduces 
to about 30%. A slight variation in helix angle has little 
effect on savings and this aids easier manufacturing. 
12. Prandtl number has little effect on augmentation; thus, the 
same tubes could be used for both evaporators and condensers, 
thereby reducing the cost. 
13. Flow visualization tests suggest the coexistence of both a 
rotational layer at the surface and a crossover pattern out­
side the sublayer, even for turbulent flows. 
B. Recommendations for Future Work 
1. Low Reynolds number flows play a very important role in food 
and process industries. Because of low heat transfer coeffi­
cients in smooth tubes, ribbed tubes can be effective in 
increasing heat transfer rates. Development of general cor­
relations for laminar flow in ribbed tubes will be an inter­
esting and valuable extension to this study. It is likely, 
however, that ribs of larger protuberance height will be 
required. 
2. Similar work is needed in the areas of ribbed plates, exter­
nally ribbed tubes and rods, and ribbed annular passages. 
These could invigorate and revamp the designs of different 
types of heat exchangers used in various applications. 
3. Fundamental studies on the velocity and temperature profiles 
in ribbed tubes and effects of the different variables on them 
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could be of assistance in understanding more thoroughly the 
physics of the flow in these tubes. 
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APPENDIX A: MODIFICATION OF SOME EXISTING CORRELATIONS 
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The form of the correlations of Webb et al. [20], Gee and Webb 
[21], and Withers [22, 23] were modified to facilitate their applica­
tion to the entire heat transfer and friction data bases. This was 
necessary since in the case of Withers' friction correlation, the 
parameters m and r were provided in tabular form for the tubes that 
were tested. Because knowledge of these variables was lacking for the 
rest of the tubes in the friction data base, the friction, and, hence, 
the heat transfer coefficient could not be evaluated. In the case of 
the Gee and Webb correlation, the pitch and the Pr effect were not 
directly represented, thereby restricting application of the correla­
tion. However, the earlier study of Webb et al. did include these 
variables but considered only transverse ribbed tubes. 
A. Withers' Correlations [22,23] 
The friction correlation is given as 
f/8 = — (1.18) 
2.45 &n [r + (7/Re)'°] 
where the tube specific parameters m and r make the correlation dis­
crete. The nondiscretization of these two parameters was carried out 
by correlating them with the roughness variables. A simple power law 
form of expression was assumed for m as follows: 
m^ m, 
m = m^(e/d) (p/d) (a/90) 
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The application of the tabulated data for m, which have been reproduced 
in Table A.l yielded the four constants. The equation 
effectively nondiscretizes the parameter. A simple first-order poly­
nomial that was adopted for the parameter r yielded the expression 
r = 0.0086 + 0.033(e/d) + 0.005(p/d) + 0.0085(a/90) (A2) 
The F test and the t test criteria [44-46] signified the relevance of 
these correlations and the appropriateness of the model, and even though 
more complicated models resulted in slight improvement of the correla­
tions, Eqs. (Al) and (A2) were used because of their simplicity. 
B. Gee and Webb Correlation [21] 
The variables A, g, and F, necessary for evaluating the friction 
and heat transfer coefficients, were given by Gee and Webb as 
m = 0.17(e/d)"l/3(p/d)°'03(a/90)"°'29 (Al) 
A = 6.83(e*)° °7(a/50)"° for e* > 5 (1 .16)  
g = 6.03(e+)°'2(a/50)"j for e* > 8 (1.17) 
F = 1.0 
The authors take the Pr dependency and the pitch dependency to be the 
same as that for the transverse ribs [20]. Assuming a p/e dependency 
of 0.53 and incorporating it into Eq. (1.17) we get 
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Table A.l. Properties of Korodense-type corrugated tubes^ 
Internal ridge Internal aspect ratios 
e, in. p, in. e/d p/d m r 
0.017 0.250 0.0311 0.457 0.65 0.0023 
0.0356 0.621 0.0522 0.911 0.51 0.0027 
0.019 0.370 0.0236 0.460 0.622 0 
0.019 0.369 0.0236 0.458 0.649 0 
0.031 0.385 0.0363 0.450 0.445 0 
0.0408 0.501 0.0473 0.581 0.47 0.0081 
0.0142 0.342 0.0159 0.384 0.71 0-0001 
0.0138 0.259 0.0159 0.298 0.68 0.00094 
0.0173 0.250 0.0201 0.290 0.564 0 
0.0305 0.370 0.0331 0.401 0.47 0.0015 
0.0349 0.384 0.0379 0.468 0.45 0.0073 
0.0373 0.530 0.0431 0.612 0.52 0.0006 
0.035 0.396 0.0298 0.337 0.5 0.0035 
0.046 0.505 0.0399 0.438 0.48 0.00995 
0.0125 0.475 0.0218 0.829 0.762 0 
0.0162 0.279 0.0282 0.485 0.64 -0.00039 
0.0165 0.320 0.0288 0.558 0.697 -0.00017 
0.017 0.385 0.0297 0.673 0.72 -0.00026 
0.019 0.475 0.0332 0.829 0.72 -0.00028 
0.0198 0.287 0.0344 0.498 0.61 -0.00095 
0.0207 0.469 0.0360 0.816 0.68 -0.00064 
0.018 0.212 0.0315 0.371 0.61 -0.00109 
0.0200 0.166 0.0348 0.289 0.54 -0.00392 
0.0175 0.170 0.0312 0.303 0.627 -0.00080 
0.0215 0.138 0.0376 0.241 0.57 -0.00259 
0.0204 0.191 0.0355 0.332 0.59 -0.00197 
0.017 0.391 0.0249 0.b/2 0. /O -Û.ÔÛ014 
0.017 0.285 0.0246 0.412 0.626 0 
0.021 0.207 0.0366 0.361 0.53 -0.00180 
0.021 0.124 0.0366 0.216 0.55 0.00017 
0.024 0.0949 0.0419 0.166 0.58 0.00750 
0.021 0.094 0.0367 0.164 0.54 0.00275 
0.015 0.094 0.0260 0.163 0.52 -0.00159 
0.0178 0.333 0.0217 0.406 0.63 0.00024 
0.0193 0.335 0.0234 0.406 0.70 0.00090 
0.0205 0.340 0.0253 0.420 0.645 0.00032 
0.0205 0.330 0.0252 0.405 0.64 -0.00035 
0.0205 0.338 0.0251 0.414 0.637 0.00028 
0.021 0.340 0.0258 0.417 0.64 0.00018 
^Among these tubes , the helix angle for the ridge c; rest (as 
measured from a transverse to the tube axis) varied from 29 to 55 
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A = 1.6l2(e'^)°-°^(a/50)"°*^^(p/e)°'^^ (2.14) 
where the constant was estimated by substituting the values of e and P 
for the tubes tested. 
A Pr exponent of 0.57, which is same as that used by Webb et al., 
yields the heat transfer function 
g = 7.39(e"^)°*^(a/50)"j for e"^ > 8 (2.15) 
with 
F = Pr°'^^ (1.14) 
where, once again, the constant was modified to match Eq. (1.16) for 
the tubes tested by Gee and Webb. 
Equations (2.14), (2.15), and (1.14) can be applied to the entire 
data base irrespective of Pr and pitch. 
EquàtioUâ (Al) and (A2) were used with Eq. (1.18), and the modi­
fied Eqs. (2.14), (2.15), and (2.16) were used in evaluating the per­
formance of the correlations of Withers and Gee and Webb on the data 
bases. These evaluations are presented in Table 2.6. 
C. Webb et al. Correlation [20] 
The correlations presented in this study for transverse ribbed 
tubes (Eqs. (1.13) to (1.15)), in contrast to Gee and Webb correlations, 
take into account the effects of pitch and Pr, but do not consider the 
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angle effect. These correlations were, therefore, extended to include 
the effect of the helix angle by cross plotting the helical ribbed 
tube data of Gee and Webb. The helix angle term (a/90) with a func­
tional power was added to the friction correlation of Webb et al. to 
correlate both their data and the data of Gee and Webb (Figure A.l). 
This correlation can be written as 
A = 0.95(P/e)°"^^(a/90)"^°'^® ^/SO + 0.05 £n e ] (2.16) 
Adopting similar lines, the heat transfer data of both of these studies 
were force fitted (Figure A.2) to yield the correlation 
g = 4.5(e"*')°*^^(a/90)'^°*^ ° ® ^ (2.17) 
It should be noticed that for a helix angle of 90®, these equations 
reduce to the original correlations of Webb et al. 
Although these modified correlations are continuous in form and 
apply to entire data bases, certain restrictions impair their accuracy. 
Physically, the variables m and r represent equivalent variables of 
the various tube dimensions. The use of just two parameters instead 
of the three parameters e/d, p/d, and a/90 introduces error in the 
overall friction correlation which is carried into the heat transfer 
correlation as well. The experimental data and hence the correlations 
of Gee and Webb and Webb et al. are applied to different ranges of e^. 
The synthesis of these studies should be viewed with caution. Also, 
Eqs. (2.15) and (2.17) call for iterations in evaluating the friction 
factor. 
• WEBB ET AL. DATA [32] 
o GEE AND WEBB DATA 30" HELIX ANGLE 
A GEE AND WEBB DATA 49® HELIX ANGLE [21] 
• GEE AND WEBB DATA 70® HELIX ANGLE 
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Figure A.2 Extension of Vi'ebb et al. heat transfer correlation to helical ribbed data [20] 
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APPENDIX B: FRICTION DATA BASE 
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FRICTION DATA BASE 
f Re e/d p/d o</90 d (in) 
Withers [22] 
0. 02435 15000 0.0298 0.3370 0.93 1. 1748 
0. 02280 20000 0.0298 0.3370 0.93 1. 1748 
0. 02092 30000 0.0298 0.3370 0.93 1. 1748 
0. 01975 40000 0.0298 0.3370 0.93 1. 1748 
0. 01893 50000 0.0298 0.3370 0.93 1. 1748 
0. 01832 50000 0.0298 0.3370 0.93 1. 1748 
0. 01783 70000 0.0298 0.3370 0.93 1. 1748 
0. 01743 80000 0.0298 0.3370 0.93 1. 1748 
0. 01755 15000 0.0201 0.2900 0.94 0. 8522 
0. 01640 20000 0.0201 0.2900 0.94 0. 8522 
0. 01485 30000 0.0201 0.2900 0.94 0. 8522 
0. 01388 40000 0.0201 0.2900 0.94 0. 8622 
0. 01320 50000 0.0201 0.2900 0.94 0. 8622 
0. 01257 50000 0.0201 0.2900 0.94 0. 8522 
0. 01245 55000 0.0201 0.2900 0.94 0. 8622 
0. 01225 70000 0.0201 0.2900 0.94 0. 8522 
0. 01045 20000 0.0159 0.3840 0.92 0. 8917 
0. 00950 30000 0.0159 0.3840 0.92 0. 8917 
0. 00890 40000 0.0159 0.3840 0.92 0. 8917 
0. 00847 50000 0.0159 0.3840 0.92 0. 8917 
0. 00815 60000 0.0159 0.3840 0.92 0. 8917 
0. 00790 70000 0.0159 0.3840 0.92 0. 8917 
0. 00767 80000 0.0159 0.3840 0.92 0. 8917 
0. 00750 90000 0.0159 0.3840 0.92 0. 8917 
0. 01638 10000 0.0311 0.4570 0.91 0. 5459 
0. 01500 15000 0.0311 0.4570 0.91 0. 5469 
0, Ul41t> 2o00o 0.0311 0.4570 0.91 0. 5469 
0. 01315 30000 0.0311 0.4570 0.91 0. 5469 
0. 01255 40000 0.0311 0.4570 0.91 0. 5469 
0. 01215 50000 0.0311 0.4570 0.91 0. 5459 
0. 01197 55000 0.0311 0.4570 0.91 0. 5469 
0. 01185 50000 0.0311 0.4570 0.91 0. 5459 
0. 01172 65000 0.0311 0.4570 0.91 0. 5459 
0. 02307 15000 0.0522 0.9110 0.82 0. 5819 
0. 02158 20000 0.0522 0.9110 0.82 0. 5819 
0. 01978 30000 0.0522 0.9110 0.82 0. 5819 
0. 01865 40000 0.0522 0.9110 0.82 0. 5819 
0. 01785 50000 0.0522 0.9110 0.82 0. 5819 
0. 01725 60000 0.0522 0.9110 0.82 0. 5819 
0. 01577 70000 0.0522 0.9110 0.82 0. 5819 
0. 01557 75000 0.0522 0.9110 0.82 0. 6819 
0. 01142 40000 0.0235 0.4600 0.91 0. 8051 
0. 01085 50000 0.0235 0.4500 0.91 0. 8051 
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0.01042 60000 0. 
0.01007 70000 0. 
0.00977 80000 0. 
0.00955 90000 0. 
0.00932 100000 0. 
0.00925 105000 0. 
0.01020 45000 0. 
0.00997 50000 0. 
0.00957 60000 0. 
0.00925 70000 0. 
0.00897 80000 0. 
0.00877 90000 0. 
0.00857 100000 0. 
0.00840 110000 0. 
0.00825 120000 0. 
0.02300 35000 0. 
0.02230 40000 0. 
0.02170 45000 0. 
0.02120 50000 0. 
0.02035 60000 0. 
0.02000 65000 0. 
0.01968 70000 0. 
0.01937 75000 0. 
0.02948 . 15000 0. 
0.02858 17500 0. 
0.02785 20000 0. 
0.02670 25000 0. 
0.02585 30000 0. 
0.02518 35000 0. 
0.02490 37500 0. 
0.02465 40000 0. 
0.02570 30000 0. 
0.02442 40000 0. 
0.02352 50000 0. 
0.02283 60000 0. 
0.02185 80000 0. 
0.02117 100000 0. 
0.02090 110000 0. 
0.02078 115000 0. 
0.01213 20000 0. 
0.01157 25000 0. 
0.01115 30000 0. 
0.01058 40000 0. 
0.01015 50000 0. 
0.00985 60000 0. 
0.00972 65000 0. 
0.00962 70000 0. 
0.00952 75000 0. 
0.01765 15000 0. 
0.01640 20000 0. 
0. 4600 0. 91 0. 8051 
0. 4600 0. 91 0. 8051 
0. 4600 0. 91 0. 8051 
0. 4600 0. 91 0. 8051 
0. 4600 0. 91 0. 8051 
0. 4600 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4580 0. 91 0. 8051 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4500 0. 91 0. 8551 
0. 4380 0. 91 1. 1520 
0. 4380 0. 91 1. 1520 
0. 4380 0. 91 1. 1520 
0. 4380 0, 91 1. 1520 
0. 4380 0. 91 1. 1520 
0. 4380 0. 91 1. 1520 
0. 4380 0. 91 1. 1520 
0. 4380 0. 91 1. 1520 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 5810 0. 88 0. 8630 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2980 0. 94 0. 8689 
0. 2900 0. 94 0. 8518 




















































0. 01485 30000 0.0201 0. 2900 •0. 94 0. 8618 0. 01388 40000 0.0201 0. 2900 0. 94 0. 8618 
0. 01320 50000 0.0201 0. 2900 0. 94 0. 8618 
0. 01267 60000 0.0201 0. 2900 0. 94 0. 8618 
0. 01245 65000 0.0201 0. 2900 0. 94 0. 8618 
0. 01225 70000 0.0201 0. 2900 0. 94 0. 8618 
0. 02910 10000 0.0331 0. 4010 0. 92 0. 9220 0. 02620 15000 0.0331 0. 4010 0. 92 0. 9220 
0. 02442 20000 0.0331 0. 4010 0. 92 0. 9220 
0. 02223 30000 0.0331 0. 4010 0. 92 0. 9220 
0. 02085 40000 0.0331 0. 4010 0. 92 0. 9220 
0. 01912 60000 0.0331 0. 4010 0. 92 0. 9220 
0. 01808 80000 0.0331 0. 4010 0. 92 0. 9220 
0. 01785 85000 0.0331 0. 4010 0. 92 0. 9220 
0. 01765 90000 0.0331 0. 4010 0. 92 0. 9220 0. 02635 35000 0.0379 0. 4680 0. 92 0. 9209 
0. 02570 40000 0.0379 0. 4680 0. 92 0. 9209 0. 02515 45000 0.0379 0. 4680 0. 92 0. 9209 0. 02467 50000 0.0379 0. 4680 0. 92 0. 9209 0. 02390 60000 0.0379 0. 4680 0. 92 0. 9209 0. 02360 65000 0.0379 0. 4680 0. 92 0. 9209 0. 02330 70000 0.0379 0. 4680 0. 92 0. 9209 0. 02305 75000 0.0379 0. 4680 0. 92 0. 9209 
0. 02113 15000 0.0431 . 0. 6120 0. 88 0. 8657 0. 01965 20000 0.0431 0. 6120 0. 88 0. 8657 
0. 01863 25000 0.0431 ' 0. 6120 0. 88 0. 8657 
0. 01785 30000 0.0431 0. 6120 0. 88 0. 8657 0. 01722 35000 0,0431 0. 6120 0. 88 0. 8657 0. 01673 40000 0.0431 0. 6120 0. 88 • 0. 8657 
0. 01630 45000 0.0431 0. 6120 0. 88 0. 8657 
0. 01593 50000 0.0431 0. 6120 0. 88 0. 8657 
Withers [23] 
0. 01565 12500 0.0355 0. 3320 0. 48 0. 5752 
0. 01480 15000 0.0355 0. 3320 0. 48 0. 5752 0. 01355 20000 0.0355 0. 3320 0. 48 0. 5752 0. 01267 25000 0.0355 0. 3320 0. 48 0. 5752 0. 01197 30000 0.0355 0. 3320 0. 48 0. 5752 
0. 01168 32500 0.0355 0. 3320 0. 48 0. 5752 
0. 01141 35000 0.0355 0. 3320 0. 48 0. 5752 
0. 01117 37500 0.0355 0. 3320 0. 48 0. 5752 
0. 01095 40000 0.0355 0. 3320 0. 48 0. 5728 0. 00899 20000 0.0218 0. 8290 0. 41 0. 5728 0. 00850 25000 0.0218 0. 8290 0, 41 0. 5728 0. 00815 30000 0.0218 0. 8290 0. 41 0. 5728 0. 00785 35000 0.0218 0. 8290 0. 41 0. 5728 0. 00760 40000 0.0218 0. 8290 0. 41 0. 5728 0. 00740 45000 0.0218 0. 8290 0. 41 0. 5728 0. 00722 50000 0.0218 0. 8290 0. 41 0. 5728 
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0. 00707 55000 0. 0218 0. 8290 0. 41 0. 5728 
0. 00700 57500 0. 0218 0. 8290 0. 41 0. 5728 
0. 01653 16000 0. 0348 0. 2890 0. 53 0. 5740 
0. 01537 20000 0. 0348 0. 2890 0. 53 0. 5740 
0. 01427 25000 0. 0348 0. 2890 0. 53 0. 5740 
0. 01382 27500 0. 0348 0. 2890 0. 53 0. 5740 
0. 01343 30000 0. 0348 0. 2890 0. 53 0. 5740 
0. 01307 32500 0. 0348 0. 2890 0. 53 0. 5740 
0. 01275 35000 0. 0348 0. 2890 0. 53 0. 5740 
0. 01245 37500 0. 0348 0. 2890 0. 53 0. 5740 
0. 01215 40000 0. 0348 0. 2890 0. 53 0. 5740 
0. 01290 20000 0. 0258 0. 4170 0. 57 0. 8150 
0. 01220 25000 0. 0258 0. 4170 0. 57 0. 8150 
0. 01195 27500 0. 0258 0. 4170 0. 57 0. 8150 
0. 01170 30000 0. 0258 0. 4170 0. 57 0. 8150 
0. 01148 32500 0. 0258 0. 4170 0. 57 0. 8150 
0. 01129 35000 0. 0258 0. 4170 0. 57 0. 8150 
0. 01112 37500 0. 0258 0. 4170 0. 57 0. 8150 
0. 01095 40000 0. 0258 0. 4170 0. 57 0. 8150 
0. 01082 42500 0. 0258 0. 4170 0. 57 0. 8150 
0. 01375 15000 0. 0253 0. 4200 0. 57 0. 8161 
0. 01280 20000 0. 0253 0. 4200 0. 57 0. 8161 
0. 01215 25000 0. 0253 0. 4200 0. 57 0. 8161 
0. 01165 30000 0. 0253 0. 4200 0. 57 0. 8161 
0. 01092 40000 0. 0253 0. 4200 0. 57 0. 8161 
0. 01042 50000 0. 0253 0. 4200 0. 57 0. 8161 
0. 01022 55000 0. 0253 0- 4200 0. 57 0. 8161 
0. 01005 60000 0. 0253 0. 4200 0. 57 0. 8161 
0. 00974 72000 0. 0253 0. 4200 0. 57 0. 8161 
0. 00967 72500 0. 0253 0. 4200 0. 57 0. 8161 
0. 01427 20000 0. 0376 0. 2410 0. 53 0. 5720 
0. 01375 22500 0. 0376 0. 2410 0. 53 0. 5720 
0. 01330 25000 0. 0376 0. 2410 0. 53 0. 5720 
0. 01290 27500 0. 0376 0. 2410 0. 53 0. 5720 
0. 01256 30000 0. 0376 0. 2410 0. 53 0. 5720 
0. 01224 32500 0. 0376 0. 2410 0. 53 0. 5720 
0. 01195 35000 0. 0376 0. 2410 0. 53 0. 5720 
0, 01168 37500 0. 0376 0. 2410 0. 53 0. 5720 
0. 01144 40000 0. 0376 0. 2410 0. 53 0. 5720 
0. 01121 42500 0. 0376 0. 2410 0. 53 0. 5720 
0. 01134 15000 0. 0249 0. 5720 0. 47 0. 6839 
0. 01051 20000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00993 25000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00948 30000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00883 40000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00837 50000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00801 60000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00786 65000 0. 0249 0. 5720 0. 47 0. 6839 
0. 00775 69000 0. 0249 0. 5720 0. 47 0. 6839 
0. 01188 25000 0. 0312 0. 3030 0. 51 0. 5610 
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0. 01157 27500 0. 0312 0. 3030 0. 51 0. 5610 
0. 01130 30000 0. 0312 0. 3030 0. 51 0. 5610 
0. 01083 35000 0. 0312 0. 3030 0. 51 0. 5610 
0. 01045 40000 0. 0312 0. 3030 0. 51 0. 5610 
0. 01028 42500 0. 0312 0. 3030 0. 51 0. 5610 
0. 01012 45000 0. 0312 0. 3030 0. 51 0. 5610 
0. 00994 48000 0. 0312 0. 3030 0. 51 0. 5610 
0. 01332 20000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01260 25000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01206 30000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01162 35000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01127 40000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01097 45000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01071 50000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01048 55000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01028 60000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01010 65000 0. 0246 0. 4120 0. 58 0. 6921 
0. 01223 17500 0. 0360 0. 8160 0. 42 0. 5752 
0. 01187 20000 0. 0360 0. 8160 0. 42 0. 5752 
0. 01130 25000 0. 0360 0. 8160 0. 42 0. 5752 
0. 01087 30000 0. 0360 0. 8160 0. 42 0. 5752 
0. 01026 40000 0. 0360 0. 8160 0. 42 0- 5752 
0. 01003 45000 0. 0360 0. 8160 .0. 42 0. 5752 
0. 00983 50000 0. 0360 0. 8160 0. 42 0. 5752 
0. 00966 55000 0. 0360 0. 8160 0. 42 0. 5752 
0. 01242 20000 0. 0282 0. 4850 0. 52 0. 5752 
0. 01204 22500 0. 0282 0. 4850 0. 52 0. 5752 
0. 01171 25000 0. 0282 0. 4850 0. 52 0. 5752 
0. 01117 30000 0. 0282 0. 4850 0. 52 0. 5752 
0. 01075 35000 0. 0282 0. 4850 0. 52 0. 5752 
0. 01056 37500 0. 0282 0. 4850 0. 52 0. 5752 
0. 01039 40000 0. 0282 0. 4850 0. 52 0. 5752 
0. 01023 42500 0. 0282 0. 4850 0. 52 0. 5752 
0. 01008 45000 0, 0282 0. 4850 0. 52 0. 5752 
0. 00951 22500 0. 0332 0. 8290 0. 41 0. 5728 
0. 00919 25800 0. 0332 0. 8290 0. 41 0. 5728 
0. 00875 30000 0. 0332 0. 8290 0. 41 0. 5728 0. 00840 35000 0. 0332 0. 8290 0. 41 0. 5728 
0. 00811 40000 0. 0332 0. 8290 0. 41 0. 5728 
0. 00787 45000 0. 0332 0. 8290 0. 41 0. 5728 
0. 00765 50000 0. 0332 0. 8290 0. 41 0. 5728 
0. 00746 55000 0, 0332 0. 8290 0. 41 0. 5728 
0. 00729 60000 0. 0332 0. 8290 0. 41 0. 5728 
0, 00721 62500 0. 0332 0. 8290 0. 41 0. 5728 0. 01199 12500 0, 0288 0. 5580 0. 48 0. 5728 0. 01141 15000 0. 0288 0. 5580 0. 48 0. 5728 
0. 01057 20000 0. 0288 0. 5580 0. 48 0. 5728 
0. 00953 30000 0. 0288 0. 5580 0. 48 0. 5728 
0. 00887 40000 0. 0288 0. 5580 0. 48 0. 5728 
0. 00862 45000 0. 0288 0. 5580 0. 48 0. 5728 
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0. 00840 50000 0. 0288 0. 5580 0. 48 0. 5728 
0. 00821 55000 0. 0288 0. 5580 0. 48 0. 5728 
Li . et al. [24] 
0. 01049 15468 0. 0190 0. 5540 0. 89 0. 7039 
0. 01005 22632 0. 0190 0. 5540 0. 89 0. 7039 
0. 00980 30177 0. 0190 0. 5540 0. 89 0. 7039 
0. 00925 37721 0. 0190 0. 5540 0. 89 0. 7039 
0. 00917 45039 0. 0190 0. 5540 0. 89 0. 7039 
0. 00885 52414 0. 0190 0. 5540 0. 89 0. 7039 
0. 00852 59902 0. 0190 0. 5540 0. 89 0. 7039 
0. 00815 67390 0. 0190 0. 5540 0. 89 0. 7039 
0. 03129 15704 0. 0430 0. 5540 0. 89 0. 7035 
0. 03032 22980 0. 0430 0. 5540 0. 89 0. 7035 
0. 02890 30413 0. 0430 0. 5540 0. 89 0. 7035 
0. 02800 37921 0. 0430 0. 5540 0. 89 0. 7035 
0. 02766 45392 0. 0430 0. 5540 0. 89 0. 7035 
0. 02668 52957 0. 0430 0. 5540 0. 89 0. 7035 
0. 02574 60522 0. 0430 0. 5540 0. 89 0. 7035 
0. 03843 11294 0. 0531 0. 5540 0. 89 0. 7031 
0. 04155 18636 0. 0531 0. 5540 0. 89 0. 7031 
0. 04078 25830 0. 0531 0. 5540 0. 89 0. 7031 
0. 03980 33043 0. 0531 0. 5540 0. 89 0. 7031 
0. 03931 40284 0. 0531 0. 5540 0. 89 0. 7031 
0. 03856 47608 0. 0531 0. 5540 0. 89 0. 7031 
0. 03681 58595 0. 0531 0. 5540 0. 89 0. 7031 
0. 01426 11563 0. 0261 0. 5534 0. 89 0. 7043 
0. 01544 18845 0. 0261 0. 5534 0. 89 0. 7043 
0. 01471 26054 0. 0261 0. 5534 0. 89 0. 7043 
0. 01399 33330 0. 0261 0. 5534 0. 89 0. 7043 
0. 01341 40634 0. 0261 0. 5534 0. 89 0. 7043 
0. 01280 48022 0. 0261 0. 5534 0. 89 0. 7043 
0. 01236 55271 0. 0261 0. 5534 0. 89 0. 7043 
0. 01182 60798 0. 0261 0. 5534 0. 89 0. 7043 
0. 01339 11614 0. 0245 0. 9715 0. 81 0. 7008 
0. 01078 18881 0. 0245 0. 9715 0. 81 0. 7008 
0. 01022 26236 0. 0245 0. 9715 0. 81 0. 7008 
0. 00967 33564 0. 0245 0. 9715 0. 81 0. 7008 
0. 00880 40817 0. 0245 0. 9715 0. 81 0. 7008 
0. 00843 48117 0. 0245 0. 9715 0. 81 0. 7008 
0. 00833 55240 0. 0245 0. 9715 0. 81 0. 7008 
0. 00783 64122 0. 0245 0. 9715 0. 81 0. 7008 
0. 01681 11811 0. 0261 0. 4221 0. 92 0. 7008 0. 01717 19204 0. 0251 0. 4221 0. 92 0. 7008 
0. 01702 26553 0. 0261 0. 4221 0. 92 0. 7008 
0. 01538 34054 0. 0261 0. 4221 0. 92 0. 7008 
0. 01577 41414 0. 0251 0. 4221 0. 92 0. 7008 
0. 01533 48821 0. 0251 0. 4221 0. 92 0. 7008 
0. 01483 56191 0. 0251 0. 4221 0. 92 0. 7008 
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0. 01516 59637 0. 0261 0. 4221 0. 92 0. 7008 
0. 01680 11798 0. 0269 0. 4199 0. 92 0. 7008 
0. 01768 19183 0. 0269 0. 4199 0. 92 0. 7008 
0. 01675 26523 0. 0269 0. 4199 0. 92 0. 7008 
0. 01638 33931 0. 0269 0. 4199 0. 92 0. 7008 
0. 01587 41368 0. 0269 0. 4199 0. 92 0. 7008 
0. 01548 48766 0. 0269 0. 4199 0. 92 0. 7008 
0. 01494 56128 0. 0269 0. 4199 0. 92 0. 7008 
0. 01296 11458 0. 0246 0. 6979 0. 85 0. 7008 
0. 01299 18955 0. 0246 0. 6979 0. 86 0. 7008 
0. 01193 26405 0. 0246 0. 6979 0. 86 0. 7008 
0. 01122 33779 0. 0246 0. 6979 0. 86 0. 7008 
0. 01084 41079 0. 0246 0. 6979 0. 86 0. 7008 
0. 01053 48427 0. 0246 0. 6979 0. 85 0. 7008 
0. 00974 59602 0. 0246 0. 6979 0. 86 0. 7008 
0. 01534 11811 0. 0240 0. 4211 0. 92 0. 7008 
0. 01559 19109 0. 0240 0. 4211 0. 92 0. 7008 
0. 01463 26420 0. 0240 0. 4211 0. 92 0. 7008 
0. 01398 33799 0. 0240 0. 4211 0. 92 0. 7008 
0. 01373 41207 0. 0240 0. 4211 0. 92 0. 7008 
0. 01325 48577 0. 0240 0. 4211 0. 92 0. 7008 
0. 01281 56050 0. 0240 0. 4211 0. 92 0. 7008 
0. 01286 11751 0. 0247 0. 6990 0. 86 0. 7008 
0. 01129 19108 0. 0247 0. 6990 0. 86 0. 7008 
0. 01236 26419 0. 0247 0. 6990 0. 86 0. 7008 
0. 01194 33714 0. 0247 0. 6990 0. 86 0. 7008 
0. 01129 41102 0. 0247 0. 6990 0. 86 0. 7008 
0. 01091 48454 0. 0247 0. 6990 0. 85 0. 7008 
0. 01054 55908 0. 0247 0. 6990 0. 86 0. 7008 
0. 00999 63045 0. 0247 0. 6990 0. 86 0. 7008 
0. 02694 14659 0. 0411 0. 4502 0. 91 0. 7008 
0. 02669 24300 0. 0411 0. 4502 0. 91 0. 7008 
0. 02791 23957 0. 0411 0. 4502 0. 91 0. 7008 
0. 02737 33429 0. 0411 0. 4502 0. 91 0. 7008 
0. 02713 43407 0. 0411 0. 4502 0. 91 0. 7008 
0. 02680 52937 0. 0411 0. 4502 0. 91 0. 7008 
0. 02688 62356 0. 0411 0. 4502 0. 91 0. 7008 
0. 02602 71871 0. 0411 0. 4502 0. 91 0. 7008 
0. 02445 14257 0. 0421 0. 9049 0. 82 0. 7008 
0. 02477 23736 0. 0421 0. 9049 0. 82 0. 7008 
0. 02407 33156 0. 0421 0. 9049 0. 82 0. 7008 
0. 02369 42629 0. 0421 0. 9049 0. 82 0. 7008 
0. 02364 52102 0. 0421 0. 9049 0. 82 0. 7008 
0. 02349 61576 0. 0421 0. 9049 0. 82 0. 7008 
0. 02316 71049 0. 0421 0. 9049 0. 82 0. 7008 
0. 02316 71049 0. 0421 0. 9049 0. 82 0. 7008 
0. 02202 14367 0. 0476 1. 3660 0. 74 0. 7008 
0. 02241 23858 0. 0476 1. 3660 0. 74 0. 7008 
0. 02144 33402 0. 0476 I .  3650 0. 74 0. 7008 
0. 02168 33402 0. 0476 1 .  3550 0. 74 0. 7008 
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0. 03433 72050 0.0383 0.2945 0. 94 0. 7008 
Yoshitomi et al. [33] 
0. 01550 2850 0.0323 0.5069 0. 90 0. 4272 
0. 01525 4000 0.03.23 0.5069 0. 90 0. 4272 
0. 01500 5000 0.0323 0.5069 0. 90 0. 4272 
0. 01500 6000 0.0323 0.5069 0. 90 0. 4272 
0. 01500 7000 0.0323 0.5069 0. 90 0. 4272 
0. 01475 10000 0.0323 0.5069 0. 90 0. 4272 
0. 01462 16000 0.0323 0.5069 0. 90 0. 4272 
0. 01450 20000 0.0323 0.5069 0. 90 0. 4272 
0. 01425 25000 0.0323 0.5069 0. 90 0. 4272 
0. 02500 3000 0.0525 0.5161 0. 90 0. 4272 
0. 02500 4000 0.0525 0.5161 0. 90 0. 4272 
0. 02500 5000 0.0525 0.5161 0. 90 0. 4272 
0. 02500 6000 0.0525 0.5161 0. 90 0. 4272 
0. 02500 8000 0.0525 0.5161 0. 90 0. 4272 
0. 02500 10000 0.0525 0.5161 0. 90 0. 4272 
0. 02500 12000 0.0525 0.5161 0. 90 0. 4272 
0. 02450 15000 0.0525 0.5161 0. 90 0. 4272 
0. 02425 20000 0.0525 0.5161 0. 90 0. 4272 
0. 02525 3000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 4000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 5000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 6000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 8000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 10000 0.0450 0.4037 0- 90 0. 8583 
0. 02625 12000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 20000 0.0450 0.4037 0. 90 0. 8583 
0. 02625 25000 0.0450 0.4037 0. 90 0. 8583 
0. 02600 30000 0.0450 0.4037 0. 90 0. 8583 
0. 02550 40000 0.0450 0=4037 0 = 90 0. 8583 
0. 02500 45000 0.0450 0.4037 0. 90 0. 8583 
0. 02450 50000 0.0450 0.4037 0. 90 0. 8583 
0. 02375 60000 0.0450 0.4037 0. 90 0. 8583 
0. 02250 70000 0.0450 0.4037 0. 90 0. 8583 
0. 02100 7000 0.0482 0.5551 0. 89 0. 8583 
0. 02100 10000 0.0482 0.5551 0. 89 0. 8583 
0. 02100 15000 0.0482 0.5551 0. 89 0. 8583 
0. 02100 20000 0.0482 0.5551 0. 89 0. 8583 
0. 02075 30000 0.0482 0.5551 0. 89 0. 8583 
0. 02050 40000 0.0482 0.5551 0. 89 0. 8583 
0. 02025 50000 0.0482 0.5551 0. 89 0. 8583 
0. 02000 60000 0.0482 0.5551 0. 89 0. 8583 
0. 01975 80000 0.0482 0.5551 0. 89 0. 8583 
0. 01937 100000 0.0482 0.5551 0. 89 0. 8583 
0. 01650 120000 0.0482 0.5551 0. 89 0. 8583 
0. 01625 150000 0.0482 0.5551 0. 89 0. 8583 
0. 03750 3000 0.0711 0.5551 0. 89 0. 8583 
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0. 03750 5000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03750 6000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03750 10000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03875 15000 0. 0711 0. 5551 0. 89 0. 8583 
0. 04000 20000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03875 30000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03700 40000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03625 50000 0. 0711 0. 5551 0. 89 0. 8583 
0. 03250 70000 0. 0711 0. 5551 0. 89 0. 8583 
0. 04625 10000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04650 15000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04750 20000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04625 40000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04600 60000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04575 80000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04525 100000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04375 120000 0. 0940 0. 5551 0. 89 0. 8583 
0. 04250 150000 0. 0940 0. 5551 0. 89 0. 8583 
0. 01250 15000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01250 20000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01250 30000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01225 40000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01200 60000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01175 80000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01125 100000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01100 120000 0. 0440 1. 0835 0. 79 1. 7441 
0. 01000 150000 0. 0440 1. 0835 0. 79 1. 7441 
0. 05375 3000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05500 4000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05750 6000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05875 8000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05875 10000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05825 20000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05500 40000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05375 50000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05250 60000 0. 1037 0. 5991 0. 88 1. 7441 
0. 05000 80000 0. 1037 0. 5991 0. 88 1. 7441 
0, 04875 100000 0. 1037 0. 5991 0. 88 1. 7441 
0. 04625 120000 0. 1037 0. 5991 0. 88 1. 7441 
0. 02250 10000 0. 0497 0. 5869 0. 88 1. 7441 
0. 02200 15000 0. 0497 0, 5869 0. 88 1. 7441 
0. 02150 20000 0. 0497 0. 5869 0. 88 1. 7441 
0. 02075 30000 0. 0497 0. 5869 0. 88 1. 7441 
0. 02050 40000 0. 0497 0. 5869 0. 88 1. 7441 
0. 02025 50000 0. 0497 0. 5869 0. 88 1. 7441 
0. 02000 60000 0. 0497 0. 5869 0. 88 1. 7441 
0. 01950 70000 0. 0497 0. 5869 0. 88 1. 7441 
0. 01950 80000 0. 0497 0. 5869 0. 88 1. 7441 
0. 01875 100000 0. 0497 0. 5869 0. 88 1. 7441 
0. 01750 120000 0. 0497 0. 5869 0. 88 1. 7441 
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0. 04250 8000 0.0803 0. 4908 0. 90 0. 8583 0. 04250 10000 0.0803 0. 4908 0. 90 0. 8583 
0. 04200 20000 0.0803 0. 4908 0. 90 0. 8583 0. 04175 30000 0.0803 0. 4908 0. 90 0. 8583 0. 04175 40000 0.0803 0. 4908 0. 90 0. 8583 0. 04150 50000 0.0803 0. 4908 0. 90 0. 8583 
0. 04125 60000 0.0803 0. 4908 0. 90 0. 8583 0. 04050 80000 0.0803 0. 4908 0. 90 0. 8583 0. 04000 100000 0.0803 0. 4908 0. 90 0. 8583 
0. 03875 125000 0.0803 0. 4908 0. 90 0. 8583 0. 03750 150000 0.0803 0. 4908 0. 90 0. 8583 0. 02400 15000 0.0669 0. 7358 0. 85 1. 1772 0. 02375 20000 0.0669 0. 7358 0. 85 1. 1772 0. 02350 30000 0.0669 0. 7358 0. 85 1. 1772 0. 02300 40000 0.0669 0. 7358 0. 85 1. 1772 0. 02250 50000 0.0669 0. 7358 0. 85 1. 1772 0. 02100 60000 0.0669 0. 7358 0. 85 1. 1772 0. 02000 70000 0.0669 0. 7358 0. 85 1. 1772 0. 01950 80000 0.0669 0. 7358 0. 85 1. 1772 0. 01875 100000 0.0669 0. 7358 0. 85 1. 1772 0. 01600 125000 0.0669 0. 7358 0. 85 1. 1772 0. 04625 10000 0.0760 0. 5991 0. 88 1. 7087 0. 04625 20000 0.0760 0. 5991 0. 88 1. 7087 0. 04625 30000 0.0760 0. 5991 0. 88 1. 7087 0. 04750 40000 0.0760 0. 5991 0. 88 1. 7087 0. 04750 50000 0.0760 0. 5991 0. 88 1. 7087 0. 04700 60000 0.0760 0. 5991 0. 88 1. 7087 0. 04550 80000 0.0760 0. 5991 0. 88 1. 7087 0. 04450 100000 0.0760 0. 5991 0. 88 1. 7087 0. 04375 125000 0.0760 0. 5991 0. 88 1. 7087 0. 03625 8000 0.0887 1. 1521 0. 78 1. 7087 0. 03625 10000 0.0887 1. 1521 0. 78 1. 7087 0, 03500 20000 0=0887 1. 1521 0. 78 1. 7087 0. 03425 30000 0.0887 1. 1521 0. 78 1. 7087 0. 03375 40000 0.0887 1. 1521 0. 78 1. 7087 0. 03325 50000 0-0887 1. 1521 0. 78 1. 7087 0. 03125 60000 0.0887 1. 1521 0. 78 1. 7087 0. 03000 80000 0.0887 1. 1521 0. 78 1. 7087 0. 02750 100000 0.0887 1. 1521 0. 78 1. 7087 0. 02625 125000 0.0887 1. 1521 0. 78 1. 7087 
Gupta and Rao [ 3 4 ]  
0. 02820 8000 0.0559 0. 2955 0. 94 0. 8661 0. 02800 10000 0.0559 0. 2955 0. 94 0. 8661 0. 02750 15000 0.0559 0. 2955 0. 94 0. 8661 0. 02720 20000 0.0559 0. 2955 0. 94 0. 8661 0. 02700 30000 0.0559 0. 2955 0. 94 0. 8661 0. 02680 . 40000 0.0559 0. 2955 0. 94 0. 8661 0. 02650 50000 0.0559 0. 2955 0. 94 0. 8661 
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0. 02620 50000 0.0559 0 .2955 a. 94 0. 8651 
0. 02180 8000 0.0550 0 .8000 0. 84 0. 9843 
0. 02140 10000 0.0550 0 .8000 0. 84 0. 9843 
0. 02050 15000 0.0550 0 .8000 0. 84 0. 9843 
0. 02000 20000 0.0550 0 .8000 0. 84 0. 9843 
0. 01880 30000 0.0550 0 .8000 0. 84 0. 9843 
0. 01800 40000 0.0550 0 .8000 0. 84 0. 9843 
0. 01740 50000 0.0550 0 .8000 0. 84 0. 9843 
0. 01700 50000 0.0550 0 .8000 0. 84 0. 9843 
0. 01255 8000 0.0200 0 .2000 0. 96 0. 9843 
0. 01215 10000 0.0200 0 .2000 0. 96 0. 9843 
0. 01170 15000 0.0200 0 .2000 0. 96 0. 9843 
0. 01140 20000 0.0200 0 .2000 0. 95 0. 9843 
0. OHIO 30000 0.0200 0 .2000 0. 95 0. 9843 
0. 01000 40000 0.0200 0 .2000 0. 96 0. 9843 
0. 00970 50000 0.0200 0 .2000 0. 96 0. 9843 
0. 00930 50000 0.0200 0 .2000 0. 96 0. 9843 
0. 01220 8000 0.0300 0 .5000 0. 88 0. 9843 
0. 01190 10000 0.0300 0 .5000 0. 88 0. 9843 
0. 01140 15000 0.0300 0 .5000 0. 88 0. 9843 
0. 01120 20000 0.0300 0 .5000 0. 88 0. 9843 
0. 00980 30000 0.0300 0 .6000 0. 88 0. 9843 
0. 00940 40000 0.0300 0 .6000 0. 88 0. 9843 
0. 00900 50000 0.0300 0 .6000 0. 88 0. 9843 
0. 00870 50000 0.0300 0 .5000 0. 88 0. 9843 
0. 01185 8000 0.0200 0 .4000 0. 92 0. 9843 
0. 01150 10000 0.0200 0 .4000 0. 92 0. 9843 
0. 01125 15000 0.0200 0 .4000 0. 92 0. 9843 
0. 01000 20000 0.0200 0 .4000 0. 92 0. 9843 
0. 00950 30000 0.0200 0 .4000 0. 92 0. 9843 
0. 00900 40000 0.0200 0 .4000 0. 92 0. 9843 
0. 00850 50000 0.0200 0 .4000 0. 92 0. 9843 
0. 00810 50000 0.0200 0 .4000 0. 92 0. 9843 
CaneShan and Rao [ 3 9 ]  
0. 01050 108000 0.0251 1 .1691 0. 77 1. 0039 
0. 01040 103000 0.0251 1 .1591 0. 77 1. 0039 
0. 01040 98000 0.0251 1 .1591 0. 77 1. 0039 
0. 01050 92300 0.0251 1 . 1591 0. 77 1. 0039 
0. 01050 85500 0.0251 1 . 1591 0. 77 1. 0039 
0. 01080 78500 0.0251 1 .1591 0. 77 1. 0039 
0. 01080 70800 0.0251 1 .1591 0. 77 1. 0039 
0. 01040 55800 0.0251 1 .1691 0. 77 1. 0039 
0. 01050 58800 0.0251 1 .1691 0. 77 1. 0039 
0. 01050 50500 0.0251 1 . 1691 0. 77 1. 0039 
0. 01040 45200 0.0251 1 . 1591 0. 77 1. 0039 
0. 01070 35100 0.0251 1 .1691 0. 77 1. 0039 
0. 01100 32700 0.0261 1 .1691 0. 77 1. 0039 
0. 01250 25300 0.0251 1 .1591 0. 77 1. 0039 
208 
0. 01270 18600 0. 0261 1. 1691 0. 77 1 .0039 
0. 01380 12000 0. 0261 1. 1691 0. 77 1 .0039 
0. 01430 9670 0. 0261 1. 1691 0. 77 1 .0039 
0. 00921 113000 0. 0208 1. 1793 0. 77 1 .0039 
0. 00938 105000 0. 0208 1. 1793 0. 77 1 .0039 
0. 00926 98500 0. 0208 1. 1793 0. 77 1 .0039 
0. 00958 87600 0. 0208 1. 1793 0. 77 1 .0039 
0. 00954 79800 0. 0208 1. 1793 0- 77 1 .0039 
0. 00949 71100 0. 0208 1. 1793 0. 77 1 .0039 
0. 00959 64100 0. 0208 1. 1793 0. 77 1 .0039 
0. 00956 57200 0. 0208 1. 1793 0. 77 1 .0039 
0. 01210 48500 0. 0208 1. 1793 0. 77 1 .0039 
0. 00978 41800 0. 0208 1. 1793 0. 77 1 .0039 
0. 01010 33900 0. 0208 1. 1793 0. 77 1 .0039 
0. 01010 23000 0. 0208 1. 1793 0. 77 1 .0039 
0. 01050 14500 0. 0208 1. 1793 0. 77 1 .0039 
0. 01100 7420 0. 0208 1. 1793 0. 77 1 .0039 
0. 01010 117000 0. 0245 1. 1673 0. 77 1 .0039 
0. 01040 108000 0. 0245 1. 1673 0. 77 1 .0039 
0. 01050 99600 0. 0245 1. 1673 0. 77 1 .0039 
0. 01050 89200 0. 0245 1. 1673 0. 77 1 .0039 
0. 01070 81400 0. 0245 1. 1673 0. 77 1 .0039 
0. 01080 70600 0. 0245 1. 1673 0. 77 1 .0039 
0. 01100 63600 0. 0245 1. 1673 0. 77 1 .0039 
0. 01160 53900 0. 0245 1. 1673 0. 77 1 .0039 
0. 01210 43800 0. 0245 1. 1673 0. 77 1 .0039 
0. 01210 35300 0. 0245 1. 1673 0. 77 1 .0039 
0. 01340 23700 0. 0245 1. 1673 0. 77 1 .0039 
0. 01540 10300 0. 0245 1. 1673 0. 77 1 .0039 
0. 01210 114000 0. 0303 1. 1820 0. 77 1 .0039 
0. 01230 106000 0. 0303 1. 1820 0. 77 1 .0039 
0. 01270 97200 0. 0303 1. 1820 0. 77 1 .0039 
0. 01270 87900 0. 0303 1. 1820 0. 77 1 .0039 
0. 01310 77000 0. 0303 1. 1820 0. 77 1 .0039 
0. 01330 66900 0. 0303 1. 1820 0. 77 1 .0039 
0. 01330 54300 0. 0303 1. 1820 0. 77 1 .0039 
0. 01400 44700 0. 0303 1. 1820 0. 77 1 .0039 
0. 01440 35000 0. 0303 1. 1820 0. 77 1 .0039 
0. 01520 26400 0. 0303 1. 1820 0. 77 1 .0039 
0. 01730 16900 0. 0303 1. 1820 0. 77 1 .0039 
0. 01890 10400 0. 0303 1. 1820 0. 77 1 .0039 
0. 01020 113000 0. 0139 0. 8407 0. 77 1 .0039 
0. 01040 103000 0. 0139 0. 8407 0. 77 1 .0039 
0. 01060 95500 0. 0139 0. 8407 0. 77 1 .0039 
0. 01050 87900 0. 0139 0. 8407 0. 77 1 .0039 
0. 01040 80500 0. 0139 0. 8407 0. 77 1 .0039 
0. 01060 72200 0. 0139 0. 8407 0. 77 1 .0039 
0. 01040 65700 0. 0139 0. 8407 0. 77 1 .0039 
0. 01060 57600 0. 0139 0. 8407 0. 77 1 .0039 
0. OHIO 47000 0. 0139 0. 8407 0. 77 1 .0039 
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0. 01130 38500 0.0139 0. 8407 0. 77 1. 0039 
0. 01050 32300 0.0139 0. 8407 0. 77 1. 0039 
0. 01170 24600 0.0139 0. 8407 0. 77 1. 0039 
0. 01190 19000 0.0139 0. 8407 0. 77 1. 0039 
0, 01300 10300 0.0139 0. 8407 0. 77 1. 0039 
0. 00814 114000 0.0118 0. 3929 0. 77 1. 0039 
0. 00793 107000 0.0118 0. 3929 0. 77 1. 0039 
0. 00629 98600 0.0118 0. 3929 0. 77 1. 0039 
0. 00830 88600 0.0118 0. 3929 0. 77 1. 0039 
0. 00808 80100 0.0118 0. 3929 0. 77 1. 0039 
0. 00799 70400 0.0118 0. 3929 0. 77 1. 0039 
0. 00841 68000 0.0118 0. 3929 0. 77 1. 0039 
0. 00839 56500 0.0118 0. 3929 0. 77 1. 0039 
0. 00845 55400 0.0118 0. 3929 0. 77 1. 0039 
0. 00874 40900 0.0118 0. 3929 0. 77 1. 0039 
0. 00953 38600 0.0118 0. 3929 0. 77 1. 0039 
0. 00901 30900 0.0118 0. 3929 0. 77 1. 0039 
0. 01010 18000 0.0118 0. 3929 0. 77 1. 0039 
0. 01040 12800 0.0118 0. 3929 0. 77 1. 0039 
0. 01050 10700 0.0118 0. 3929 0. 77 1. 0039 
0. 01650 97800 0.0234 0. 2969 0. 77 1. 0039 
0. 01640 85500 0.0234 0. 2969 0. 77 1. 0039 
0. 01620 77300 0.0234 0. 2969 0. 77 1. 0039 
0. 01660 67900 0.0234 0. 2969 0. 77 1. 0039 
0. 01670 63400 0.0234 0. 2969 0. 77 1. 0039 
0. 01710 53100 0.0234 0. 2969 0. 77 1. 0039 
0. 01790 43500 0.0234 0. 2969 0. 77 1. 0039 
0. 01840 35800 0.0234 0. 2969 0. 77 1. 0039 
0. 01850 30100 0.0234 0. 2969 0. 77 1. 0039 
0. 01940 24500 0.0234 0. 2969 0. 77 1. 0039 
0. 02230 19800 0.0234 0. 2969 0. 77 1. 0039 
0. 02110 17200 0.0234 0. 2969 0. 77 1. 0039 
0. 02120 12900 0.0234 0. 2969 0. 77 1. 0039 
Nakayama et al. [25] 
0. 00881 10986 0.0210 0. 5379 0. 33 0. 5709 
0. 00898 12469 0.0210 0. 5379 0. 33 0. 5709 
0. 00837 14065 0.0210 0. 5379 0. 33 0. 5709 
0. 00849 15233 0.0210 0. 5379 0. 33 0. 5709 
0. 00839 18243 0.0210 0. 5379 0. 33 0. 5709 
0. 00826 25924 0.0210 0. 5379 0. 33 0. 5709 
0. 00736 32608 0.0210 0. 5379 0. 33 0. 5709 
0. 00641 40299 0.0210 0. 5379 0. 33 0. 5709 
0. 00597 52592 0.0210 0. 5379 0. 33 0. 5709 
0. 00613 58735 0.0210 0. 5379 0. 33 0. 5709 
0. 00587 70071 0.0210 0. 5379 0. 33 0. 5709 
0. 01293 8108 0.0210 0. 3740 0. 51 0. 5709 
0. 01301 9503 0.0210 0. 3740 0. 51 0. 5709 
0. 01085 17841 0.0210 0. 3740 0. 51 0. 5709 
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0. 01450 10000 0.0435 3. 5544 1. 00 1. 8110 
0. 01400 15000 0.0435 3. 5544 1. 00 1. 8110 
0. 01350 20000 0.0435 3. 5544 1. 00 1. 8110 
0. 01275 30000 0.0435 3. 5544 1. 00 1. 8110 
0. 01250 40000 0.0435 3. 5544 1. 00 1. 8110 
0. 01250 50000 0.0435 3. 5544 1. 00 1. 8110 
0. 01245 60000 0.0435 3. 5544 1. 00 1. 8110 
0. 01237 70000 0.0435 3. 5544 1. 00 1. 8110 
0. 02700 3000 0.0435 0. 8890 1. 00 1. 8110 
0. 02925 4000 0.0435 0. 8890 1. 00 1. 8110 
0. 03050 7000 0.0435 0. 8890 1. 00 1. 8110 
0. 03050 10000 0.0435 0. 8890 1. 00 1. 8110 
0. 03000 15000 0.0435 0. 8890 1. 00 1. 8110 
0. 02975 20000 0.0435 0. 8890 1. 00 1. 8110 
0. 02925 30000 0.0435 0. 8890 1. 00 1. 8110 
0. 02975 40000 0.0435 0. 8890 1. 00 1. 8110 
0. 02975 50000 0.0435 0. 8890 1. 00 1. 8110 
0. 03000 60000 0.0435 0. 8890 1. 00 1. 8110 
0. 03050 70000 0.0435 0. 8890 1. 00 1. 8110 
0. 08125 2000 0.0952 0. 9738 1. 00 1. 6535 
0. 07875 4000 0.0952 0. 9738 1. 00 1. 6535 
0. 07625 7000 0.0952 0. 9738 1. 00 1. 6535 
0. 07500 10000 0.0952 0. 9738 1. 00 1. 6535 
0. 07500 15000 0.0952 0. 9738 1. 00 1. 6535 
0. 07500 20000 0.0952 0. 9738 1. 00 1. 6535 
0. 07525 30000 0.0952 0. 9738 1. 00 1. 6535 
0. 07575 40000 0.0952 0. 9738 1. 00 1. 6535 
0. 07700 50000 0.0952 0. 9738 1. 00 1. 6535 
0. 07750 60000 0.0952 0. 9738 1. 00 1. 6535 
0. 07800 70000 0.0952 0. 9738 1. 00 1. 6535 
0. 01250 7000 0.0435 3. 5544 1. 00 1. 8110 
0. 01187 10000 0.0435 3. 5544 1. 00 1. 8110 
0. 01075 15000 0.0435 3 = 5544 1. 00 1. 8110 
0. 01013 20000 0.0435 3. 5544 1. 00 1. 8110 
0. 00950 30000 0.0435 3. 5544 1. 00 1. 8110 
0. 00900 40000 0.0435 3. 5544 1. 00 1. 8110 
0. 00850 50000 0.0435 3. 5544 1. 00 1. 8110 
0. 00825 60000 0.0435 3. 5544 1. 00 1. 8110 
0. 00800 70000 0.0435 3. 5544 1. 00 1. 8110 
Migai and Bystrov [36] 
0. 01250 8000 0.2012 4. 3103 0. 40 0. 7087 
0. 01188 10000 0.2012 4. 3103 0. 40 0. 7087 
0. 01175 15000 0.2012 4. 3103 0. 40 0. 7087 
0. 01188 20000 0.2012 4. 3103 0. 40 0. 7087 
0. 01063 30000 0.2012 4. 3103 0. 40 0. 7087 
0. 00963 40000 0.2012 4. 3103 0. 40 0. 7087 
0. 00875 50000 0.2012 4. 3103 0. 40 0. 7087 
0. 00850 60000 0.2012 4. 3103 0. 40 0. 7087 
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0. 00813 80000 0 .2012 4. 3103 0. 40 0. 7087 
0. 00688 100000 0 .2012 4. 3103 0. 40 0. 7087 
0. 00625 150000 0 .2012 4. 3103 0. 40 0. 7087 
0. 00575 200000 0 .2012 4. 3103 0. 40 0. 7087 
0. 00838 12000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00775 20000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00725 30000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00688 40000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00675 50000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00650 60000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00620 80000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00575 100000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00563 150000 0 .2012 6. 8966 0. 27 0. 7087 
0. 00550 200000 0 .2012 6. 8966 0. 27 0. 7087 
Bolla et al. [38] 
0. 01896 215666 0 .0100 0. 1430 0 .97 0. 5500 
0. 01736 176454 0 .0100 0. 1430 0 .97 0. 5500 
0. 01981 279386 0 .0100 0. 1430 0 .97 0. 5500 
0. 01576 263701 0 .0100 0. 1430 0 .97 0. 5500 
0. 01811 257819 0 .0100 0. 1430 0 .97 0. 5500 
0. 01672 236252 0 .0100 0. 1430 0 .97 0. 5500 
0. 01683 255858 0 .0100 0. 1430 0 .97 0. 5500 
0. 01651 181356 0 .0100 0. 1430 0 .97 0. 5500 
0. 01672 168612 0 .0100 0. 1430 • 0 .97 0. 5500 
0. 01619 128419 0 .0100 0. 1430 0 .97 0. 5500 
0. 01597 116656 0 .0100 0. 1430 0 .97 0. 5500 
0. 01566 114695 0 .0100 0. 1430 0 .97 0. 5500 
0. 01523 46858 0 .0100 0. 1430 0 .97 0. 5500 
0. 01491 34114 0 .0100 0. 1430 0 .97 0. 5500 
0. 01363 23233 0 .0100 0. 1430 0 .97 0. 5500 
0. 01342 16175 0 .0100 0. 1430 0 .97 0. 5500 
0. 01502 33330 0 .0100 0. 1430 0 .97 0. 5500 
0. 01374 23331 0 .0100 0. 1430 0 .97 0. 5500 
0. 01374 16469 0 .0100 0. 1430 0 .97 0. 5500 
0. 01257 12156 0 .0100 0. 1430 0 .97 0. 5500 
0. 01566 65190 0 .0100 0. 1430 0 .97 0. 5500 
0. 01597 87247 0 .0100 0. 1430 0 .97 0. 5500 
Kalinin et al. [16] 
0. 03320 36435 0 .0480 0. 2500 1 .00 0. 3799 
0. 03490 42334 0 .0480 0. 2500 1 .00 0. 3799 
0. 03100 46025 0 .0480 0. 2500 1 .00 0. 3799 
0. 03320 51633 0 .0480 0. 2500 1 .00 0. 3799 
0. 03320 65320 0 .0480 0. 2500 1 .00 0. 3799 
0. 03630 66105 0 .0480 0. 2500 1 .00 0. 3799 
0. 03670 76122 0 .0480 0. 2500 1 .00 0. 3799 
0. 03350 84130 0 .0480 0. 2500 1 .00 0. 3799 
0. 03540 93260 0. 
0. 03320 93260 0. 
0. 03240 107231 0. 
0. 03220 117018 0. 
0. 03160 131765 0. 
0. 03160 147267 0. 
0. 03180 160828 0. 
0. 03480 169963 0. 
0. 03090 176558 0. 
0. 02860 190101 0. 
0. 02900 215501 0. 
0. 04060 30368 0. 
0. 04160 37456 0. 
0. 04230 42746 0. 
0. 04280 46439 0. 
0. 04180 51981 0. 
0. 04430 54524 0. 
0. 04080 57707 0. 
0. 04220 63921 0. 
0. 04130 68109 0. 
0. 04250 82452 0. 
0. 04250 106354 0. 
0. 04310 115628 0. 
0. 04220 125993 0. 
0. 04220 133847 0. 
0. 04480 132950 0. 
0. 04180 149037 0. 
0. 04440 154013 0. 
0. 04450 181910 0. 
0. 04360 194842 0. 
0. 04040 214699 0. 
0. 04210 229447 0. 
0. 03870 233421 0. 
0. 04090 247601 0. 
0. 04080 272224 0. 
0. 04660 15010 0. 
0. 04730 16964 0. 
0. 04830 18089 0. 
0. 04690 20430 0. 
0. 04820 22630 0. 
0. 04480 24220 0. 
0. 04790 26020 0. 
0. 04730 29918 0. 
0. 04420 32069 0. 
0. 04630 34400 0. 
0. 04880 35815 0. 
0. 04590 45957 0. 
0. 04800 55303 0. 
0. 04180 85715 0. 
0. 04080 94662 0. 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0, 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 • 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 
0. 2500 1 .00 0. 3799 





















































0. 03750 • 106831 0. 0565 0. 2500 1. 00 0. 3799 
0. 03650 130492 0. 0565 0. 2500 1. 00 0. 3799 
0. 03660 141872 0. 0555 0. 2500 1. 00 0. 3799 
0. 03590 157149 0. 0565 0. 2500 1. 00 0. 3799 
0. 03500 191811 0. 0565 0. 2500 1. 00 0. 3799 
0. 03400 209151 0. 0565 0. 2500 1. 00 0. 3799 
0. 03540 221537 0. 0555 0. 2500 1. 00 0. 3799 
0. 02090 10695 0. 0180 0. 2500 1. 00 0. 3799 
0. 01800 13775 0. 0180 0. 2500 1. 00 0. 3799 
0. 01600 14535 0. 0180 0. 2500 1. 00 0. 3799 
0. 01580 15850 0. 0180 0. 2500 1. 00 0. 3799 
0. 01620 17583 0. 0180 0. 2500 1. 00 0. 3799 
0. 01560 20202 0. 0180 0. 2500 1. 00 0. 3799 
0. 01830 21590 0. 0180 0. 2500 1. 00 0. 3799 
0. 01510 22579 0. 0180 0. 2500 1. 00 0. 3799 
0. 01570 24420 0. 0180 G. 2500 1. 00 0. 3799 
0. 01460 24585 0. 0180 0. 2500 1. 00 0. 3799 
0. 01440 26333 0. 0180 0. 2500 1. 00 0. 3799 
0. 01390 27932 0. 0180 0. 2500 1. 00 0. 3799 
0. 01440 29895 0. 0180 0. 2500 1. 00 0. 3799 
0. 01600 32454 0. 0180 0. 2500 1. 00 0. 3799 
0. 01340 35100 0. 0180 0. 2500 1. 00 0. 3799 
0. 01350 39939 0. 0180 0. 2500 1. 00 0. 3799 
0. 01630 40298 0. 0180 0. 2500 1. 00 0. 3799 
0. 01310 45107 0. 0180 0. 2500 1. 00 0. 3799 
0. 01260 50754 0. 0180 0. 2500 1. 00 0. 3799 
0. 01440 49964 0. 0180 0. 2500 1. 00 0. 3799 
0. 01280 62041 0. 0180 0. 2500 1. 00 0. 3799 
0. 01180 68109 0. 0180 0. 2500 1. 00 0. 3799 
0. 01130 74882 0. 0180 0. 2500 1. 00 0. 3799 
0. 01310 81169 0. 0180 0. 2500 1. 00 0. 3799 
0. 01200 106275 0. 0180 0. 2500 1. 00 0. 3799 
0. 01170 117193 0. 0180 0. 2500 1. 00 0. 3799 
0. 01070 120295 0. 0180 0. 2500 1. 00 0. 3799 
0. 01080 136155 0. 0180 0. 2500 1. 00 0. 3799 
0. 01050 146500 0. 0180 0. 2500 1. 00 0. 3799 
0. 01070 175114 0. 0180 0. 2500 1. 00 0. 3799 
0. 01020 182046 0. 0180 0. 2500 1. 00 0. 3799 
0. 01030 206370 0. 0180 0. 2500 1. 00 0. 3799 
0. 01000 227062 0. 0180 0. 2500 1. 00 0. 3799 
0. 00960 250576 0. 0180 0. 2500 1. 00 0. 3799 
0. 02150 29873 0. 0285 0. 2500 1. 00 0. 3799 
0. 02140 37821 0. 0285 0. 2500 1. 00 0. 3799 
0. 02110 42970 0. 0285 0. 2500 1. 00 0. 3799 
0. 02110 53715 0. 0285 0. 2500 1. 00 0. 3799 
0. 02030 59145 0. 0285 0. 2500 1. 00 0. 3799 
0. 02050 65555 0. 0285 0. 2500 1. 00 0. 3799 
0. 01560 83880 0. 0285 0. 2500 1. 00 0. 3799 
0. 01850 13 6980 0. 0285 0. 2500 1. 00 0. 3799 
0. 01440 181910 0. 0285 0. 2500 1. 00 0. 3799 
0 .01680 194116 0. 
0 .01620 231167 0. 
0 .01660 257978 0. 
0 .02840 14417 0. 
0 .02820 18062 0. 
0 .02780 22046 0. 
0 .02640 24475 0, 
0 .02690 26689 0. 
0 .02710 28930 0. 
0 .02580 31172 0. 
0 .02600 33814 0. 
0 .02780 37122 0. 
0 .02560 43067 0. 
0 .02480 54687 0. 
0 .02540 71176 0. 
0 .02170 80385 0. 
0 .01920 123849 0. 
0 .01660 117631 0. 
0 .01600 134850 0. 
0 .01840 24795 0. 
0 .01970 23603 0. 
0 .01970 27422 0. 
0 .02040 35606 0. 
0 .02110 41429 0. 
0 .02000 45956 0. 
0 .02210 49850 0. 
0 .02010 52523 0. 
0 .02010 58918 0. 
0 .01950 67740 0. 
0 .02240 83044 0. 
0 .02290 107745 0. 
0 .02250 129357 0. 
0 .02360 154033 0. 
0 .02580 183418 0. 
0 .02630 214691 0. 
0 .02840 262410 0. 
0 .03030 277513 0. 
0 .03090 313403 0. 
0 .03180 345325 0. 
0 .03220 374584 0. 
0 .01580 21614 0. 
0 .01560 26105 0. 
0 .01610 28338 0. 
0 .01550 32459 0. 
0 .01690 32898 0. 
0 .01570 38507 0. 
0 .01680 40754 0. 
0 .01580 43585 0. 
0 .01690 47953 0. 
0 .01720 52523 0. 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 2500 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 
0. 5000 1. 00 0. 3799 





















































0. 01700 57916 0. 0475 0. 5000 1. 00 0. 3799 
0. 01590 66587 0. 0475 0. 5000 1. 00 0. 3799 
0. 01620 72175 0. 0475 0. 5000 1. 00 0. 3799 
0. 01770 72337 0. 0475 0. 5000 1. 00 0. 3799 
0. 01770 82982 0. 0475 0. 5000 1. 00 0. 3799 
0. 01620 85432 0. 0475 0. 5000 1. 00 0. 3799 
0. 01650 91708 0. 0475 0. 5000 1. 00 0. 3799 
0. 01800 101882 0. 0475 0. 5000 1. 00 0. 3799 
0. 01840 119253 0. 0475 0. 5000 1. 00 0. 3799 
0. 01790 129550 0. 0475 0. 5000 1. 00 0. 3799 
0. 01800 144244 0. 0475 0. 5000 1. 00 0. 3799 
0. 01830 157873 0. 0475 0. 5000 1. 00 0. 3799 
0. 01950 181511 0. 0475 0. 5000 1. 00 0. 3799 
0. 01860 204375 0. 0475 0. 5000 1. 00 0. 3799 
0. 01930 237089 0. 0475 0. 5000 1. 00 0. 3799 
0. 02100 250922 0. 0475 0. 5000 1. 00 0. 3799 
0. 02160 280428 0. 0475 0. 5000 1. 00 0. 3799 
0. 02110 307841 0. 0475 0. 5000 1. 00 0. 3799 
0. 02140 361406 0. 0475 0. 5000 1. 00 0. 3799 
0. 02740 13714 0. 0425 1. 0000 1. 00 0. 3799 
0. 02360 16852 0. 0425 1. 0000 1. 00 0. 3799 
0. 02340 21877 0. 0425 1. 0000 1. 00 0. 3799 
0. 02660 . 23231 0. 0425 1. 0000 1. 00 0. 3799 
0. 02390 24252 0. 0425 1. 0000 1. 00 0. 3799 
0. 02220 24486 0. 0425 1. 0000 1. 00 0. 3799 
0. 02270 26429 0. 0425 1. 0000 1. 00 0. 3799 
0. 02070 27265 0. 0425 1. 0000 1. 00 0. 3799 
0. 02180 32048 0. 0425 1. 0000 1. 00 0. 3799 
0. 02290 43302 0. 0425 1. 0000 1. 00 0. 3799 
0. 02180 53728 0. 0425 1. 0000 1. 00 0. 3799 
0. 02110 66763 0. 0425 1. 0000 1. 00 0. 3799 
0. 02080 82775 0. 0425 1. 0000 1. 00 0. 3799 
0. 01940 91896 0. 0425 1. 0000 1. 00 0. 3799 
0. 01820 108095 0. 0425 1. 0000 1. 00 0. 3799 
0. 01980 112177 0. 0425 1. 0000 1. 00 0. 3799 
0. 01910 121979 0. 0425 1. 0000 1. 00 0. 3799 
0. 01840 130879 0. 0425 1. 0000 1. 00 0. 3799 
0. 01620 129720 0. 0425 1. 0000 1. 00 0. 3799 
0. 01820 147252 0. 0425 1. 0000 1. 00 0. 3799 
0. 01490 164328 0. 0425 1. 0000 1. 00 0. 3799 
0. 01400 187925 0. 0425 1. 0000 1. 00 0. 3799 
0. 01460 223027 0. 0425 1. 0000 1. 00 0. 3799 
0. 01310 235080 0. 0425 1. 0000 1. 00 0. 3799 
0. 01100 347962 0. 0425 1. 0000 1. 00 0. 3799 
0. 01140 377806 0. 0425 1. 0000 1. 00 0. 3799 
0. 01090 426017 0. 0425 1. 0000 1. 00 0. 3799 
0. 01090 485749 0. 0425 1. 0000 1. 00 0. 3799 
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Sams [31] 
0. 01959 10517 0. 0317 1. 1951 0, 77 0. 4098 
0. 01648 17253 0. 0317 1. 1951 0. 77 0. 4098 
0. 01515 30674 0. 0317 1. 1951 0. 77 0. 4098 
0. 01407 44937 0. 0317 1. 1951 0. 77 0. 4098 
0. 01459 50364 0. 0317 1. 1951 0. 77 0. 4098 
0. 01805 10583 0. 0317 1. 6829 0. 69 0. 4098 
0. 01494 16861 0. 0317 1. 6829 0. 69 0. 4098 
0. 01391 30974 0. 0317 1. 6829 0. 69 0. 4098 
0. 01311 40094 0. 0317 1. 6829 0. 69 0. 4098 
0. 01311 47342 0. 0317 1. 6829 0. 69 0. 4098 
0. 01247 65309 0. 0317 1. 6829 0. 69 0. 4098 
0. 01211 92435 0. 0317 1. 6829 0. 69 0. 4098 
0. 01254 12957 0. 0317 2. 4286 0. 58 0. 4098 
0. 01073 19099 0. 0317 2. 4286 0. 58 0. 4098 
0. 01026 25478 0. 0317 2. 4286 0. 58 0. 4098 
0. 00971 35964 0. 0317 2. 4286 0. 58 0. 4098 
0. 00912 47050 0. 0317 2. 4286 0. 58 0. 4098 
0. 01043 10242 0. 0317 5. 3170 0. 34 0. 4098 
0. 00832 17468 0. 0317 5. 3170 0. 34 0. 4098 
0. 00736 31166 0. 0317 5. 3170 0. 34 0. 4098 
0. 00676 41244 0. 0317 5. 3170 0. 34 0. 4098 
0. 00676 45376 0. 0317 5. 3170 0, 34 0. 4098 
0. 00617 64563 0. 0317 5. 3170 0. 34 0. 4098 
0. 00581 87893 0. 0317 5. 3170 0. 34 0. 4098 
0. 02970 8328 0. 0463 1. 5122 0. 71 0. 4098 
0. 02457 13188 0. 0463 1. 5122 0. 71 0. 4098 
0. 02186 26047 0. 0463 1. 5122 0. 71 0. 4098 
0. 02115 32980 0. 0463 1. 5122 0. 71 0. 4098 
0. 02115 35240 0. 0463 1. 5122 0. 71 0. 4098 
0. 01990 51900 0. 0463 1. 5122 0. 71 0. 4098 
0. 01945 76505 0. 0463 1. 5122 0. 71 0. 4098 
0. 06409 17743 0. 0634 0. 3171 0. 94 0. 4098 
0. 06203 33261 0. 0634 0. 3171 0. 94 0. 4098 
0. 06235 72169 0. 0634 0. 3171 0. 94 0. 4098 
0. 06492 105275 0. 0634 0. 3171 0. 94 0. 4098 
0. 03588 18173 0. 0630 1. 1951 0. 77 0. 4098 
0. 03349 33976 0. 0630 1. 1951 0. 77 0. 4098 
0. 03138 44799 0. 0630 1. 1951 0. 77 0. 4098 
0. 03256 50898 0. 0630 1. 1951 0. 77 0. 4098 
0. 03148 72490 0. 0630 1. 1951 0. 77 0. 4098 
0. 03121 115235 0. 0630 1. 1951 0. 77 0. 4098 
0. 02038 11112 0. 0634 2. 5122 0. 57 0. 4098 
0. 01747 16588 0. 0534 2. 5122 0. 57 0. 4098 
0. 01586 31288 0. 0634 2. 5122 0. 57 0. 4098 
0. 01456 42630 0. 0634 2. 5122 0. 57 0. 4098 
0. 01478 46581 0. 0634 2. 5122 0. 57 0. 4098 
0. 01404 66224 0. 0634 2. 5122 0. 57 0. 4098 
0. 01369 96005 0. 0634 2. 5122 0. 57 0. 4098 
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0. 01402 10985 0.0634 3. 9756 0. 43 0. 4098 
0. 01150 17540 0.0634 3. 9756 0. 43 0. 4098 
0. 01014 32103 0.0634 3. 9756 0. 43 0. 4098 
0. 00938 42104 0.0634 3. 9756 0. 43 0. 4098 
0. 00938 46912 0.0634 3. 9756 0. 43 0. 4098 
0. 00880 64429 0.0634 3- 9756 0. 43 0. 4098 
0. 00861 94569 0.0634 3. 9756 0. 43 0. 4098 
Novozhilov and Migai [37] 
0. 06890 3774 0.2180 2. 1700 0. 62 0. 5500 
0. 06293 5408 0.2180 2. 1700 0. 62 0. 5500 
0. 06021 6635 0.2180 2. 1700 0. 62 0. 5500 
0. 06021 7272 0.2180 2- 1700 0. 62 0. 5500 
0. 05407 9584 0.2180 2. 1700 0. 62 0. 5500 
0. 05339 10973 0.2180 2. 1700 0. 62 0. 5500 
0. 05066 12718 0.2180 2. 1700 0. 62 0. 5500 
0. 04924 13662 0.2180 2. 1700 0. 62 0. 5500 
0. 04838 14871 0.2180 2. 1700 0. 62 0. 5500 
0. 04881 16307 0.2180 2. 1700 0. 62 0. 5500 
0. 04705 17795 0.2180 2. 1700 0. 62 0. 5500 
0. 04599 18947 0.2180 2. 1700 0. 62 0. 5500 
0. 04594 19589 0.2180 2. 1700 0. 62 0. 5500 
0. 04562 20443 0.2180 2. 1700 0. 62 0. 5500 
0. 04503 21012 0.2180 2. 1700 .0. 62 0. 5500 
0. 04503 21853 0.2180 2. 1700 0. 62 0. 5500 
0. 04485 22794 0.2180 2. 1700 0. 62 0. 5500 
0. 04466 24970 0.2180 2. 1700 0. 62 0. 5500 
0. 04439 28589 0.2180 2. 1700 0. 62 0. 5500 
0. 04373 31013 0.2180 2. 1700 0. 62 0. 5500 
0. 04275 34886 0.2180 2. 1700 0. 62 0. 5500 
0. 04283 38612 0.2180 2. 1700 0. 62 0. 5500 
0. 04307 41032 0.2180 2. 1700 0. 62 0. 5500 
0. 03751 5680 0.2180 3. 1110 0. 50 0. 5500 
0. 03821 7024 0.2180 3. 1110 0. 50 0. 5500 
0. 03653 7940 0.2180 3. 1110 0. 50 0. 5500 
0. 03653 8600 0.2180 3. 1110 0. 50 0. 5500 
0. 03527 9580 0.2180 3. 1110 0. 50 0. 5500 
0. 03527 10520 0.2180 3 . 1110 0. 50 0. 5500 
0. 03418 11627 0.2180 3 . 1110 0. 50 0. 5500 
0. 03319 13953 0.2180 3 . 1110 0. 50 0. 5500 
0. 03150 15330 0.2180 3 . 1110 0. 50 0. 5500 
0. 03117 16835 0.2180 3. 1110 0. 50 0. 5500 
0. 03089 18854 0.2180 3 . 1110 0. 50 0. 5500 
0. 02986 21565 0.2180 3 . 1110 0. 50 0. 5500 
0. 02978 23752 0.2180 3 . 1110 0. 50 0. 5500 
0. 02904 27314 0.2180 3 . 1110 0. 50 0. 5500 
0. 02821 30055 0.2180 3 . 1110 0. 50 0. 5500 
0. 02821 35074 0.2130 3. 1110 0. 50 0. 5500 
0. 02771 39687 0.2180 3. 1110 0. 50 0. 5500 
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220 
0 .02637 12964 0. 0580 1. 4500 0. 72 0. 5500 
0 .02671 13709 0. 0580 1. 4500 0. 72 0. 5500 
0 .02651 14755 0. 0580 1. 4500 0. 72 0. 5500 
0 .02679 16140 0. 0580 1. 4500 0. 72 0. 5500 
0 .02667 17144 0. 0580 1^ . 4500 0. 72 0. 5500 
0 .02648 18058 0. 0580 1. 4500 0. 72 0. 5500 
0 .02598 18845 0. 0580 1. 4500 0. 72 0. 5500 
0 .02637 20443 0. 0580 1. 4500 0. 72 0. 5500 
0 .02624 21629 0. 0580 1. 4500 0. 72 0. 5500 
0 .02667 23578 0. 0580 1. 4500 0. 72 0. 5500 
0 .02569 25628 0. 0580 1. 4500 0. 72 0. 5500 
0 .02550 27476 0. 0580 1. 4500 0. 72 0. 5500 
0 .02600 30217 0. 0580 1. 4500 0. 72 0. 5500 
0 .02600 32301 0. 0580 1. 4500 0. 72 0. 5500 
0 .02632 35699 0. 0580 1. 4500 0. 72 0. 5500 
0 .02619 39784 0. 0580 1. 4500 0. 72 0. 5500 
0 .02494 43434 0. 0580 1. 4500 0. 72 0. 5500 
0 .01963 5062 0. 0580 2. 1700 0. 62 0. 5500 
0 .01951 6084 0. 0580 2. 1700 0. 62 0. 5500 
0 .01973 7184 0. 0580 2. 1700 0. 62 0. 5500 
0 .01949 7924 0. 0580 2. 1700 0. 62 0. 5500 
0 .01923 9275 0. 0580 2. 1700 0. 62 0. 5500 
0 .01923 10195 0. 0580 2. 1700 0. 62 0. 5500 
0 .01923 10650 0. 0580 2. 1700 0. 62 . 0. 5500 
0 .01923 11956 0. 0580 2. 1700 0. 62 0. 5500 
0 .01793 13709 0. 0580 2. 1700 0. 62 ' 0. 5500 
0 .01787 15991 0. 0580 2. 1700 0. 62 0. 5500 
0 .01762 17891 0. 0580 2. 1700 0. Ê2 0. 5500 
0 .01762 20303 0. 0580 2. 1700 0. 62 0. 5500 
0 .01782 21449 0. 0580 2. 1700 0. 62 0. 5500 
0 .01813 23659 0. 0580 2. 1700 0. 62 0. 5500 
0 .01792 25893 0. 0580 2. 1700 0. 62 0. 5500 
0 .01809 28020 0. 0580 2. 1700 0. 62 0. 5500 
0 .01784 31043 0. 0580 2. 1700 0. 62 0. 5500 
0 .01766 34766 0. 0580 2. 1700 0. 62 0. 5500 
0 .01759 38593 0. 0580 2. 1700 0. 62 0. 5500 
0 .01764 41989 0. 0580 2. 1700 0. 62 0. 5500 
0 .01729 49947 0. 0580 2. 1700 0. 62 0. 5500 
0 .01701 55202 0. 0580 2. 1700 0. 62 0. 5500 
0 .01843 8022 0. 0333 1. 4450 0. 73 0. 5500 
0 .01962 9019 0. 0333 1. 4450 0. 73 0. 5500 
0 .01926 10215 0. 0333 1. 4450 0. 73 0. 5500 
0 .01951 14271 0. 0333 1. 4450 0. 73 0. 5500 
0 .01972 16770 0. 0333 1. 4450 0. 73 0. 5500 
0 .01948 20453 0. 0333 1. 4450 0. 73 0. 5500 
0 .01942 23314 0. 0333 1. 4450 0. 73 0. 5500 
0 .01942 27314 0. 0333 1. 4450 0. 73 0. 5500 
0 .01980 30786 0. 0333 1. 4450 0. 73 0. 5500 
0 .01932 35353 0. 0333 1. 4450 0. 73 0. 5500 
0 .01918 43626 0. 0333 1. 4450 0. 73 0. 5500 
a*o^o^o^o\(y>o^o*(y>o^(T>£r*a>a>(r>wo>o^o^o^o^o>o^o^{r>o>o>{T>o^o<o^a>o^(y>o^o>o^a»o^o>a<{r>o>(j^o>cP(r> 
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o o o o o o o o o o o o o o o o o o o o o o w w w w w w w w w w w w w w w w w w w w w w w w w w w w  
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•  • • • • • • • • • • • • • • • • • • • # • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
^oioiomiOioiommcnmmo^mMMMHMi-'i-'i-'tOiomioioioioiooocooocoooooooooooooooooi-'Mi-'i-' 
intnuitntni/ic/itnuiyicninintnlotoNJtoioNJioNJUitntnuiuiuitnuiOOOOOOOOCnwuii/itnuioitnoooo 
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o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o  
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o  
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0. 01210 89500 0. 1500 2 .9500 0. 52 0 .4799 
0. 01190 103700 0. 1500 2 .9500 0. 52 0 .4799 
0. 02030 9700 0. 1500 2 .9500 0. 52 0 .4799 
0. 01730 14400 0. 1500 2 .9500 0. 52 0 .4799 
0. 01510 22600 0. 1500 2 .9500 0. 52 0 .4799 
0. 01350 38300 0. 1500 2 .9500 0. 52 0 .4799 
0. 01230 46500 0. 1500 2 .9500 0. 52 0 .4799 
0. 01230 63800 0. 1500 2 .9500 0. 52 0 .4799 
0. 02740 15700 0. 1500 3 .9400 0. 43 0 .4799 
0. 01910 22300 0. 1500 3 .9400 0. 43 0 .4799 
0. 01390 31200 0. 1500 3 .9400 0. 43 0 .4799 
0. 01050 46700 0. 1500 3 .9400 0. 43 0 .4799 
0. 00990 60300 0. 1500 3 .9400 0. 43 0 .4799 
0. 00960 74600 0. 1500 3 .9400 0. 43 0 .4799 
0. 00920 90000 0. 1500 3 .9400 0. 43 0 .4799 
0. 00900 107000 0. 1500 3 .9400 0. 43 0 .4799 
0. 01770 10200 0. 1500 3 .9400 0. 43 0 .4799 
0. 01430 15300 0. 1500 3 .9400 0. 43 0 .4799 
0. 01190 21400 0. 1500 3 .9400 0. 43 0 .4799 
0. 01080 29600 0. 1500 3 .9400 0. 43 0 .4799 
0. 01040 37400 0. 1500 3 .9400 0. 43 0 .4799 
0. 00990 50700 0. 1500 3 .9400 0. 43 0 .4799 
0. 00940 70300 0. 1500 3 .9400 0. 43 0 .4799 
0. 00940 92500 0. 1500 3 .9400 0. 43 0 .4799 
0. 01680 21900 0. 1500 5 .5000 0. 33 0 .4799 
0. 01180 31000 0. 1500 5 .5000 0. 33 0 .4799 
0. 00920 45700 0. 1500 5 .5000 0. 33 0 .4799 
0. 00850 60500 0. 1500 5 .5000 0. 33 0 .4799 
0. 00810 80400 0. 1500 5 .5000 0. 33 0 .4799 
0. 00790 95500 0. 1500 5 .5000 0. 33 0 .4799 
0. 00770 102000 0. 1500 5 .5000 0. 33 0 .4799 
0. 01500 10000 0. 1500 5 .5000 0. 33 0 .4799 0. 01310 13100 0. 1500 5 .5000 0. 33 0 -4799 
0- 01050 19200 0. 1500 5 .5000 0. 33 0 .4799 
0. 01000 23400 0. 1500 5 .5000 0. 33 0 .4799 
0. 00950 34700 0. 1500 5 .5000 0. 33 0 .4799 
0. 00850 47100 0. 1500 5 .5000 0. 33 0 .4799 
0. 00810 66000 0. 1500 5 .5000 0- 33 0 .4799 
0. 00800 86400 0. 1500 5 .5000 0. 33 0 .4799 
Gee and Webb [21] 
0. 00948 8130 0. 0100 0 . 1500 0. 33 0 .9843 
0. 00982 9870 0. 0100 0 .1500 0. 33 0 .9843 
0. 00908 14040 0. 0100 0 . 1500 0. 33 0 .9843 
0. 00897 18330 0. 0100 0 .1500 0. 33 0 .9843 
0. 00860 25610 0. 0100 0 .1500 0. 33 0 .9843 
0. 00845 31080 0. 0100 0 .1500 0. 33 0 .9843 
0. 00808 43450 0. 0100 0 . 1500 0. 33 0 .9843 
0. 00793 51290 0. 0100 0 . 1500 0. 33 0 .9843 
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H H M M 
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226 
0.01600 13680 0.0200 0.8030 1. 00 1. 4500 
0.01600 18170 0.0200 0.8030 1. 00 1. 4500 
0.01600 23770 0.0200 0.8030 1. 00 1. 4500 
0.01630 31210 0.0200 0.8030 1. 00 1. 4500 
0.01670 45030 0.0200 0.8030 1. 00 1. 4500 
0.01700 79530 0.0200 0.8030 1. 00 1. 4500 
0.01740 98700 0.0200 0.8030 1. 00 1. 4500 
0.01800 126600 0.0200 0.8030 1. 00 1. 4500 
Nunner [35] 
0.03375 4000 0.0435 0.8890 1. 00 1. 8110 
0.03750 7000 0.0435 0.8890 1. 00 1. 8110 
0.03825 10000 0.0435 0.8890 1. 00 1. 8110 
0.03875 15000 0.0435 0.8890 1. 00 1. 8110 
0.03825 20000 0.0435 0.8890 1. 00 1. 8110 
0.03800 30000 0.0435 0.8890 1. 00 1. 8110 
0.03825 40000 0.0435 0.8890 1. 00 1. 8110 
0-03875 50000 0.0435 0.8890 1. 00 1. 8110 
0.04000 60000 0.0435 0.8890 1. 00 1. 8110 
0.04125 70000 0.0435 0.8890 1. 00 1. 8110 
Berger and Whitehead [28] 
0.02340 5809 0.0200 0.2000 1. 00 1. 9685 
0.02949 8427 0.0200 0,2000 1. 00 1. 9685 
0.03039 9858 0.0200 0.2000 1. 00 1. 9685 
0.03056 10611 0.0200 0.2000 1. 00 1. 9685 
0.03151 12284 0.0200 0.2000 1. 00 1. 9685 
0.03205 13212 0.0200 0.2000 1. 00 1. 9685 
0.03241 14807 0.0200 0.2000 1. ,00 1. ,9685 
0.03323 19752 0.0200 0.2000 1. ,00 1. ,9685 
0.03369 21997 0.0200 0.2000 1. ,00 1. ,9685 
0.03429 34486 0.0200 0.2000 1. .00 1. .9685 
0.03457 42066 0.0200 0.1440 1, .00 1. .9685 
0.03457 47747 0.0200 0.1440 1, .00 1, .9685 
0.03510 50707 0.0200 0.2000 1, .00 1, .9685 
0.03631 57418 0.0200 0.2000 1, .00 1 .9685 
0.03693 70372 0.0200 0.2000 1 .00 1 .9685 
0.03714 85772 0.0200 0.2000 1 .00 1 .9685 
0.03714 97046 0.0200 0.2000 1 .00 1 .9685 
0.03714 103064 0.0200 0.2000 1 .00 1 .9685 
0.03714 109023 0.0200 0.2000 1 .00 1 .9685 
0.03792 140898 0.0200 0.1440 1 .00 1 .9685 
0.03726 183395 0.0200 0.2000 1 .00 1 .9685 
0.03854 291641 0.0200 0.2000 1 .00 1 .9685 
0.02549 6333 0.0200 0.1440 1 .00 1 .9685 
0.02745 7842 0.0200 0.1440 1 .00 1 .9685 
0.02849 8844 0.0200 0.1440 1 .00 1 .9685 
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Migai and Bystrov [36] 
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0. 01552 51761 0. 1944 3 .3300 0. 48 0. 7087 
0. 01592 64714 0. 1944 3 .3300 0. 48 0. 7087 
0. 01387 72778 0. 1944 3 .3300 0. 48 0. 7087 0. 01355 81096 0. 1944 3 .3300 0. 48 0. 7087 
0. 01383 90991 0. 1944 3 .3300 0. 48 0. 7087 
0. 01291 101859 0. 1944 3 .3300 0. 48 0. 7087 
0. 02084 7362 0. 0938 2 .0000 0. 64 0. 6299 
0. 01950 9594 0. 0938 2 .0000 0. 64 0. 6299 0. 01914 11803 0. 0938 2 .0000 0. 64 0. 6299 
0. 01910 14322 0. 0938 2 .0000 0. 64 0. 6299 0. 01782 17660 0. 0938 2 .0000 0. 64 0. 6299 
0. 01686 26792 0. 0938 2 .0000 0. 64 0. 6299 
0. 01506 64417 0. 0938 2 .0000 0. 64 0. 6299 
0. 01425 95719 0. 0938 2 .0000 0. 64 0. 6299 
0. 01318 117219 0. 0938 2 .0000 0. 64 0. 6299 
0. 01244 166341 0. 0938 2 .0000 0. 64 0. 6299 
0. 00859 10990 0. 0938 2 .0000 0. 64 0. 6299 
0. 01023 11041 0. 0938 2 .0000 0. 64 0. 6299 
0. 01023 15276 0. 0938 2 .0000 0. 64 0. 6299 
0. 00824 20512 0. 0938 2 .0000 0. 64 0. 6299 
0. 00750 27542 0. 0938 2 .0000 0. 64 0. 6299 
0. 00780 35481 0. 0938 2 .0000 0. 64 0. 6299 
0. 00780 39264 0. 0938 2 .0000 0. 64 0. 6299 
0. 00714 62806 0. 0938 2 .0000 0. 64 0. 6299 
0. 00678 69823 0. 0938 2 .0000 0. 64 0. 6299 
0. 00646 83368 0. 0938 2 .0000 0. 64 0. 6299 
0. 01374 10116 0. 0938 2 .0000 0. 64 0. 6299 
0. 01159 15524 0. 0938 2 .0000 0. 64 0. 6299 
0. 01076 19454 0. 0938 2 .0000 0. 64 0. 6299 
0. 01045 25061 0. 0938 2 .0000 0. 64 0. 6299 
0. 00957 31477 0. 0938 2 .0000 0. 64 0. 6299 
0. 00873 44978 0. 0938 2 .0000 0. 64 0. 6299 
0 = 00789 54576 0. 0938 2 .0000 0. 64 0. 6299 
0. 00726 80168 0. 0938 2 .0000 0. 64 0. 6299 
0. 00661 98175 0. 0938 2 .0000 0. 64 0. 6299 
0. 00617 123880 0. 0938 2 .0000 0. 64 0. 6299 
0. 00598 144544 0. 0938 2 .0000 0. 64 0. 6299 
0. 00594 172187 0. 0938 2 .0000 0. 64 0. 6299 
0. 01191 19275 0. 1177 1 .6471 0. 69 0, 6693 
0. 01291 22909 0. 1177 1 .6471 0. 69 0. 6693 
0. 01167 25351 0. 1177 1 .6471 0. 69 0. 6693 
0. 01047 29040 0. 1177 1 .6471 0. 69 0. 6693 
0. 01052 35727 0. 1177 1 .6471 0. 69 0. 6693 
0. 00738 60256 0. 1177 1 .6471 0. 69 0. 6693 
0. 00871 64269 0. 1177 1 .6471 0. 69 0. 6693 
0. 00802 77804 0. 1177 1 .6471 0. 69 0. 6693 
0. 00738 105439 0. 1177 1 .6471 0. 69 0. 6693 
0. 00690 128233 0. 1177 1 .6471 0. 69 0. 6693 0. 00654 157761 0. 1177 1 .6471 0. 69 0. 6693 
0. 00528 159221 0. 1177 1 .6471 0. 69 0. 6693 
0. 00656 172187 0. 
0. 01918 12912 0. 
0. 01950 18707 0. 
0. 01607 27290 0. 
0. 01435 38815 0. 
0. 01224 56234 0. 
0. 01106 69984 0. 
0. 01096 81283 0. 
0. 00966 94189 0. 
0. 00887 106660 0. 
0. 00839 129122 0. 
0. 00805 153815 0-
0. 01358 19861 0. 
0. 01143 29717 0. 
0. 01045 41210 0. 
0. 00920 59156 0. 
0. 00741 112720 0. 
0. 00709 149969 0. 
0. 00703 173780 0. 
0. 01679 11376 0-
0. 01486 18793 0. 
0. 01151 32509 0. 
0. 00791 106170 0. 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 6471 0. 69 0. 6693 
1. 7647 0. 67 0. 6693 
1. 7647 0. 67 0. 6693 
1. 7647 0. 67 0. 6693 


























APPENDIX C: HEAT TRANSFER DATA BASE 
231 
HEAT TRANSFER DATA BASE 
St Re Pr e/d p/d X/SO d (in) 
Withers [22] 
0. 00154 56500 6. 27 0. 0236 0. 4596 0. 91 0. 8051 
0. 00146 67100 6. 43 0. 0236 0. 4596 0. 91 0. 8051 
0. 00138 82100 6. 55 0. 0236 0. 4596 0. 91 0. 8051 
0. 00131 106000 6. 56 0. 0236 0. 4596 0. 91 0. 8051 
0. 00141 78000 6. 45 0. 0236 0. 4596 0. 91 0. 8051 
0. 00162 46400 6. 19 0. 0236 0. 4596 0. 91 0. 8051 
0. 00172 37700 6. 02 0. 0236 0. 4596 0. 91 0. 8051 
0. 00155 57900 6. 18 0. 0236 0. 4596 0. 91 0. 8051 
0. 00156 58200 6. 15 0. 0236 0. 4596 0. 91 0. 8051 
0. 00130 120000 6. 31 0. 0236 0. 4596 0. 91 0. 8051 
0. 00137 96900 6. 18 0. 0236 0. 4596 0. 91 0. 8051 
0. 00140 87800 6. 19 0. 0236 0. 4596 0. 91 0. 8051 
0. 00147 74300 6. 08 0. 0236 0. 4596 0. 91 0. 8051 
0. 00152 65500 6. 02 0. 0236 0. 4596 0. 91 0. 8051 
0. 00156 57700 5. 99 0. 0236 0. 4596 0. 91 0. 8051 
0. 00161 52200 5. 89 0. 0236 0. 4596 0. 91 0. 8051 
0. 00152 61800 6. 04 0. 0236 0. 4596 0. 91 0. 8051 
0. 00294 19700 5. 20 0. 0522 0. 9106 0. 82 0. 6819 
0. 00250 35600 5. 53 0. 0522 0. 9106 0. 82 0. 6819 
0. 00228 45900 5. 87 0. 0522 0. 9106 0. 82 0. 6819 
0. 00244 49400 5. 91 0. 0522 0. 9106 0. 82 0. 6819 
0. 00216 56600 6. 00 0. 0522 0. 9106 0. 82 0. 6819 
0. 00208 63900 6. 08 0. 0522 0. 9106 0. 82 0. 6819 
0. 00198 67600 6. 39 0. 0522 0. 9106 0. 82 0. 6819 
0. 00194 75000 6. 39 0. 0522 0. 9106 0. 82 0. 6819 
0. 00259 30000 5. 56 0. 0522 0. 9106 0. 82 0. 6819 
0. 00298 18900 5. 18 0. 0522 0. 9106 0. 82 0. 6819 
0. 00212 20300 8. 55 0. 0522 0. 9106 0. 82 0. 6819 
0. 00228 17100 8. 09 0. 0522 0. 9106 0. 82 0. 6819 
0. 00250 13600 7. 58 0. 0522 0. 9106 0. 82 0. 6819 
0. 00260 12500 7. 34 0. 0522 0. 9106 0. 82 0. 6819 
0. 00199 34700 8. 12 0. 0522 0. 9106 0. 82 0. 6819 
0. 00285 19500 5. 62 0. 0379 0. 4680 0. 92 0. 9209 
0. 00250 31200 5. 95 0. 0379 0. 4680 0. 92 0. 9209 
0. 00231 42200 6. 11 0. 0379 0. 4680 0. 92 0. 9209 
0. 00223 47200 6. 22 0. 0379 0. 4680 0. 92 0. 9209 
0. 00214 54200 6. 30 0. 0379 0. 4680 0. 92 0. 9209 
0. 00206 61800 6. 46 0. 0379 0. 4680 0. 92 0. 9209 
0. 00202 73600 6. 57 0. 0379 0. 4680 0. 92 ' 0. 9209 
0. 00189 83900 6. 65 0. 0379 0. 4680 0. 92 0. 9209 
0. 00261 26400 5. 87 0. 0379 0. 4680 0. 92 0. 9209 
0. 00271 23100 5. 78 0. 0379 0. 4680 0. 92 0. 9209 
0. 00187 30000 9. 34 0. 0379 0. 4680 0. 92 0. 9209 
232 
0. 00191 26800 9 .32 
0. 00206 21100 9 .00 
0. 00220 17400 8 .66 
0. 00234 14900 8 .32 
0. 00248 12000 8 .13 
0. 00239 13300 8 .33 
0. 00323 98700 2 .39 
0. 00318 98100 2 .47 
0. 00330 79000 2 .50 
0. 00323 75500 2 .59 
0. 00339 65400 2 .53 
0. 00316 94900 2 .50 
0. 00343 59700 2 .55 
0. 00354 58900 2 .46 
0. 00178 79900 6 .66 
0. 00173 89900 6 .73 
0. 00194 57400 6 .52 
0. 00205 46500 6 .42 
0. 00213 40500 6 .30 
0. 00185 66600 6 .70 
0. 00238 27600 6 .04 
0. 00244 25000 5 .96 
0. 00198 28400 8 .03 
0. 00226 19500 7 .44 
0. 00207 17100 8 .65 
0. 00174 28700 9 .43 
0. 00232 12600 8 .01 
0. 00245 11100 7 .66 
0. 00166 33700 9 .68 
0. 00180 25500 9 .35 
0. 00200 18200 8 .92 
0. 00216 14600 8 .54 
0. 00246 10100 7 .84 
0. 00217 37700 7 .00 
0. 00211 41200 7 .11 
0. 00203 46400 7 .24 
0. 00194 54200 7 .36 
0. 00187 61800 7 .46 
0. 00178 73400 7 .61 
0. 00172 83000 7 .70 
0. 00208 43800 7 .14 
0. 00223 34800 6 .91 
0. 00222 21500 8 .26 
0. 00240 17100 7 .89 
0. 00203 28400 8 .68 
0. 00211 24800 8 .52 
0. 00233 18700 8 .04 
0. 00154 53200 **** 
0. 00179 30700 9 .92 
0. 00201 20600 9 .43 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0379 0. 4680 0. 92 0. 9209 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0, 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0331 0. 4013 0. 92 0. 9220 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 




















































0. 00222 15500 8. 90 
0. 00245 12100 8. 36 
0. 00244 35000 5. 93 
0. 00258 28700 5. 81 
0. 00271 23500 5. 72 
0. 00236 38800 6. 03 
0. 00228 44500 6. 11 
0. 00220 50400 6. 19 
0. 00229 35300 6. 42 
0. 00264 21100 6. 10 
0. 00268 19800 6. 07 
0. 00294 15500 5. 72 
0. 00299 14800 5. 66 
0. 00258 35400 6. 21 
0. 00249 40300 6. 29 
0. 00268 30900 6. 10 
0. 00291 23300 5. 89 
0. 00307 18900 5. 79 
0. 00317 13500 5. 05 
0. 00301 15700 6. 21 
0. 00281 23300 6. 18 
0. 00323 13600 5. 91 
0. 00276 20600 5. 14 
0. 00273 29600 5- 69 
0. 00239 37700 6. 34 
0. 00289 37700 6. 34 
0. 00301 16100 5. 82 
0. 00244 45200 5. 92 
0. 00254 39000 5. 83 
0. 00268 32100 5. 71 
0. 00277 25800 5. 78 
0. 00296 20400 5. 51 
0. 00257 34000 5. 95 
0. 00308 18000 5. 51 
0. 00290 78600 3. 09 
0. 00321 59900 2. 88 
0. 00331 53200 2. 85 
0. 00346 45500 2. 78 
0. 00362 50000 2. 52 
0. 00323 70000 2. 70 
0. 00305 64100 3. 00 
0. 00362 45600 2. 58 
0. 00361 40200 2. 70 
0. 00375 35300 2. 66 
0. 00360 35700 2. 77 
0. 00277 20300 5. 06 
0. 00259 25300 5. 27 
0. 00247 29700 5. 43 
0. 00247 20700 7. 04 
0. 00217 32800 7. 41 
.0298 0. 3370 0. 93 1. 1748 
.0298 0. 3370 0. 93 1. 1748 
.0431 0. 5120 0. 88 0. 8657 
.0431 0. 6120 0. 88 0. 8657 
.0431 0. 5120 0. 88 0. 8657 
.0431 0. 6120 0. 88 0. 8657 
.0431 0. 6120 0. 88 0. 8657 
.0431 0. 6120 0. 88 0. 8657 
.0431 0. 6120 0. 88 0. 8657 
.0431 0. 5120 0. 88 0. 8657 
.0431 0. 5120 0. 88 0. 8657 
.0431 0. 6120 0. 88 0. 8557 
.0431 0. 5120 0. 88 0. 8657 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0399 0. 4380 0. 91 1. 1520 
.0363 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0353 0. 4500 0. 90 0. 8551 
.0363 0. 4500 0. 90 0. 8551 
.0473 0. 5810 0. 88 0. 8530 
.0473 0. 5810 0. 88 0. 8530 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8530 




















































0. 00286 12600 6 .58 
0. 00279 17200 6 .28 
0. 00229 31900 6 .97 
0. 00350 48000 2 .50 
0. 00321 87000 2 .40 
0. 00316 96900 2 .38 
0. 00307 114900 2 .36 
0. 00309 118700 2 .33 
0. 00373 40700 2 .41 
0. 00360 52300 2 .37 
0. 00352 59700 2 .35 
0. 00339 75100 2 .32 
0. 00377 32200 2 .52 
0. 00401 28000 2 .41 
0. 00105 69100 9 .19 
0. 00104 74100 9 .38 
0. 00121 36100 9 .40 
0. 00153 20600 7 .99 
0. 00169 14900 7 .39 
0. 00148 20900 8 .04 
0. 00147 20900 8 .13 
0- 00164 16400 7 .60 
0. 00102 65800 9 .61 
0. 00192 20400 6 .79 
0. 00176 26200 7 .14 
0. 00155 39500 7 .59 
0. 00167 31000 7 .33 
0. 00147 46500 7 .84 
0. 00130 70800 8 .19 
0. 00120 96800 8 .40 
0. 00165 25800 7 .76 
0. 00125 72100 8 .52 
0. 00198 15900 6 .87 
0. 00190 14100 7 .48 
0. 00202 13700 7 . 18 
0. 00209 16100 6 .39 
0. 00138 54400 7 .41 
0. 00144 46800 7 .25 
0. 00154 38000 6 .99 
0. 00164 30800 6 .79 
0. 00175 25800 6 .51 
0. 00185 21900 6 .33 
0. 00195 18400 6 . 16 
0. 00223 10600 5 .88 
0. 00143 39300 7 .64 
0. 00141 64400 6 .80 
0. 00208 14900 5 .92 
0. 00135 21400 8 .70 
0. 00099 56700 **** 
0. 00115 34100 9 .43 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0473 0. 5810 0. 88 0. 8630 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0159 0. 2980 0. 94 0. 8917 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0201 0. 2900 0. 94 0. 8622 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5459 
.0311 0. 4570 0. 91 0. 5469 
.0311 0. 4570 0. 91 0. 5469 
.0159 0. 3840 0. 92 0. 8917 
.0159 0. 3840 0. 92 0. 8917 
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0. 00187 46200 5. 72 0. 0246 0. 4120 0. 58 0. 6921 
0. 00210 30600 5. 43 0. 0246 0. 4120 0. 58 0. 6921 
0. 00219 20200 5. 81 0. 0246 0. 4120 0. 58 0. 6921 
0. 00198 28600 5. 74 0. 0246 0. 4120 0. 58 0. 6921 
0. 00177 40600 5. 88 0. 0246 0. 4120 0. 58 0. 6921 
0. 00204 26100 6. 31 0. 0246 0. 4120 0. 58 0. 6921 
0. 00206 28600 5. 73 0. 0246 0. 4120 0. 58 0. 6921 
0. 00218 23500 5. 55 0. 0246 0. 4120 0. 58 0. 6921 
0. 00213 28400 5. 98 0. 0246 0. 4120 0. 58 0. 6921 
0. 00168 66200 6. 02 0. 0246 0. 4120 0. 58 0. 6921 
0. 00203 23700 5. 38 0. 0249 0. 5720 0. 47 0. 6839 
0. 00187 32300 5. 53 0. 0249 0. 5720 0. 47 0. 6839 
0. 00179 38000 5. 63 0. 0249 0. 5720 0. 47 0. 6839 
0. 00174 42200 5. 70 0. 0249 0. 5720 0. 47 0. 6839 
0. 00151 68900 6. 04 0. 0249 0. 5720 0. 47 0. 6839 
0. 00165 36100 6. 37 0. 0249 0. 5720 0. 47 0. 6839 
0. 00157 43000 6. 49 0. 0249 0. 5720 0. 47 0. 6839 
0. 00150 49600 6. 61 0. 0249 0. 5720 0. 47 0. 6839 
0. 00177 27500 6. 20 0. 0249 0. 5720 0. 47 0. 6839 
0. 00190 21700 6. 00 0. 0249 0. 5720 0. 47 0. 6839 
0. 00219 16200 5. 37 0. 0249 0. 5720 0. 47 0. 6839 
0. 00211 18600 5. 46 0. 0249 0. 5720 0. 47 0. 6839 
0. 00159 54800 6. 20 0. 0288 0. 5580 0. 48 0. 5689 
0. 00162 51200 6. 10 0. 0288 0. 5580 0. 48 0. 5689 
0. 00170 43800 6. 00 0. 0288 0. 5580 0. 48 0. 5689 
0. 00183 34100 5. 80 0. 0288 0. 5580 0. 48 0. 5689 
0. 00192 28800 5. 70 0. 0288 0. 5580 0. 48 0. 5689 
0. 00217 18500 5. 40 0. 0288 0. 5580 0. 48 0. 5689 
0. 00195 21500 6. 00 0. 0288 0. 5580 0. 48 0. 5689 
0. 00187 24200 6. 20 0. 0288 0. 5580 0. 48 0. 5689 
0. 00166 35800 6. 60 0. 0288 0. 5580 0. 48 0. 5689 
0. 00153 44500 7. 00 0. 0288 0. 5580 0. 48 0. 5689 
0. 00234 12800 5. 30 0. 0288 0. 5580 0. 48 0. 5689 
0. 00219 16400 5. 50 0. 0288 0. 5580 0. 48 0. 5689 
0. 00191 24100 6. 79 0. 0251 0. 4140 0. 57 0, 8161 
0. 00147 46700 8. 11 0. 0251 0. 4140 0. 57 0. 8161 
0. 00150 41500 8. 16 0. 0251 0. 4140 0. 57 0. 8161 
0. 00131 49800 9. 28 0. 0251 0. 4140 0. 57 0. 8161 
0. 00180 24300 7. 41 0. 0251 0. 4140 0. 57 0. 8161 
0. 00166 32800 7. 66 0. 0252 0. 4050 0. 58 0. 8142 
0. 00194 20800 6. 97 0. 0252 0. 4050 0. 58 0. 8142 
0. 00214 15300 6. 56 0. 0252 0. 4050 0. 58 0. 8142 
0. 00129 46100 9. 63 0. 0252 0. 4050 0. 58 0. 8142 
0. 00136 40400 9. 35 0. 0252 0. 4050 0. 58 0. 8142 
0. 00144 33400 9. 16 0. 0252 0. 4050 0. 58 0. 8142 
0. 00155 25100 8. 85 0. 0252 0. 4050 0. 58 0. 8142 
0. 00178 17600 8. 14 0. 0252 0. 4050 0. 58 0. 8142 
0. 00194 13800 7. 69 0. 0252 0. 4050 0. 58 0. 8142 
0. 00143 44500 S. 53 0. 0252 0. 4050 0. 58 0. 8142 
0. 00170 26300 7. 87 0. 0252 0. 4050 0. 58 0. 8142 
237 
0. 00216 14000 6. 83 
0. 00221 12000 6. 67 
0. 00196 24900 7. 17 
0. 00210 20100 6. 91 
0. 00220 18800 6. 54 
0. 00225 16800 6. 56 
0. 00137 72600 8. 83 
0. 00138 44100 9. 81 
0. 00153 31600 9. 41 
0. 00170 22800 8. 87 
0. 00200 14700 7. 98 
0. 00217 11500 7. 61 
0. 00213 13200 7. 54 
0. 00207 18900 7. 14 
0. 00193 23000 7. 43 
0. 00188 25300 7. 55 
0. 00229 13700 6. 76 
0. 00225 25000 5. 65 
0. 00216 28800 5. 76 
0. 00207 33900 5. 85 
0. 00199 39200 5. 96 
0. 00194 42300 6. 03 
0. 00236 20800 5. 57 
0. 00213 20900 6. 42 
0. 00199 26500 6. 61 
0. 00178 37800 6. 98 
0. 00233 15300 6. 17 
0. 00238 17700 5. 79 
0. 00231 19300 5. 90 
0. 00210 24200 6. 05 
0. 00179 31800 5. 00 
0. 00199 21200 4. 84 
0. 00149 40600 5. 57 
0. 00146 69600 5. 35 
0. 00141 69700 5. 34 
0. 00204 15500 4. 76 
0. 00178 34000 5. 06 
0. 00192 26300 4. 90 
0. 00166 38800 5. 34 
0. 00154 62400 5. 26 
0. 00157 57300 5. 23 
0. 00163 50200 5. 14 
0. 00164 40500 5. 37 
0. 00157 47700 5. 45 
0. 00201 22900 4. 76 
0. 00186 30400 4. 89 
0. 00164 50300 5. 41 
0. 00175 39100 5. 30 
0. 00184 32500 5. 20 
0. 00186 26900 5. 39 
.0252 0. 4050 0. 58 0. 8142 
.0252 0. 4050 0. 58 0. 8142 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0253 0. 4200 0. 57 0. 8161 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0258 0. 4170 0. 57 0. 8150 
.0297 0. 6730 0. 42 0. 5720 
.0279 0. 6730 0. 42 0. 5720 
.0279 0. 6730 0. 42 0. 5720 
.0279 0. 6730 0. 42 0. 5720 
.0279 0. 6730 0. 42 0. 5720 
.0279 0. 6730 0. 42 0. 5720 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0332 0. 8290 0. 41 0. 5728 
.0360 0. 8160 0. 42 0. 5752 
.0360 0. 8160 0. 42 0. 5752 
.0360 0. 8160 0. 42 0. 5752 




















































0. 00159 43800 5. 87 0. 0360 0. 8160 0. 42 0. 5752 
0. 00150 55200 5. 96 0. 0360 0. 8160 0. 42 0. 5752 
0. 00196 24200 5. 17 0. 0360 0. 8160 0. 42 0. 5752 
0. 00203 20000 5. 19 0. 0360 0. 8160 0. 42 0. 5752 
0. 00209 17800 5. 14 0. 0360 0. 8160 0. 42 0. 5752 
0. 00198 34200 5. 50 0. 0282 0. 4850 0. 52 0. 5752 
0. 00190 40000 5. 60 0. 0282 0. 4850 0. 52 0. 5752 
0. 00216 25800 5. 30 0. 0282 0. 4850 0. 52 0. 5752 
0. 00209 28700 5. 30 0. 0282 0. 4850 0. 52 0. 5752 
0. 00233 20900 5-10 0. 0282 0. 4850 0. 52 0. 5752 
0. 00200 28800 6. 30 0. 0282 0. 4850 0. 52 0. 5752 
0. 00182 39500 5. 90 0. 0282 0. 4850 0. 52 0. 5752 
0. 00176 23800 5. 10 0. 0282 0. 4850 0. 52 0. 5752 
0. 00202 34800 5. 60 0. 0344 0. 4980 0. 52 0. 5760 
0. 00227 23100 5. 35 0. 0344 0. 4980 0. 52 0. 5760 
0. 00192 41000 5. 70 0. 0344 0. 4980 0. 52 0. 5760 
0. 00212 31300 5. 38 0. 0344 0. 4980 0. 52 0. 5760 
0. 00219 25700 5. 43 0. 0344 0. 4980 0. 52 0. 5760 
0. 00247 18500 5. 05 0. 0344 0. 4980 0. 52 0. 5760 
0. 00185 40900 6. 10 0. 0344 0. 4980 0. 52 0. 5760 
0. 00179 45300 6. 20 0. 0344 0. 4980 0. 52 0. 5760 
0. 00168 56600 6- 30 0. 0344 0. 4980 0. 52 0- 5760 
0. 00207 31200 6. 10 0. 0234 0. 4061 0. 58 0. 8252 
0. 00178 53800 6. 40 0. 0234 0. 4061 0. 58 0. 8252 
0. 00238 19200 5. 60 0. 0234 0. 4061 0. 58 0. 8252 
0. 00221 25100 5. 80 0. 0234 0. 4061 0. 58 0. 8252 
0. 00195 28000 6. 70 0. 0234 0. 4061 0. 58 0. 8252 
0. 00180 36800 7. 00 0. 0234 0. 4061 0. 58 0. 8252 
0. 00218 19200 6. 40 0. 0234 0. 4061 0. 58 0. 8252 
0. 00227 16700 6. 30 0. 0234 0. 4061 0. 58 0. 8252 
0. 00235 14800 6. 20 0. 0234 0. 4061 0. 58 0. 8252 
0. 00218 23400 6. 00 0. 0234 0. 4061 0. 58 0. 8252 
0. 00236 17500 5- 90 0. 0234 0. 4061 0. 58 0. 8252 
0. 00250 14200 5. 70 0. 0234 0. 4061 0. 58 0. 8252 
0. 00236 21200 6. 10 0. 0348 0. 2890 0. 53 0. 5740 
0. 00253 17100 5. 86 0. 0348 0. 2890 0. 53 0. 5740 
0. 00222 25500 6. 32 0. 0348 0. 2890 0. 53 0. 5740 
0. 00210 29900 6. 56 0. 0348 0. 2890 0. 53 0. 5740 
0. 00203 33300 6. 64 0. 0348 0. 2890 0. 53 0. 5740 
0. 00189 41200 6. 91 0. 0348 0. 2890 0. 53 0. 5740 
0. 00240 25700 5. 66 0. 0348 0. 2890 0. 53 0. 5740 
0. 00230 29800 5. 79 0. 0348 0. 2890 0. 53 0. 5740 
0. 00262 18700 5. 46 0. 0348 0. 2890 0. 53 0. 5740 
0. 00247 23300 5. 57 0. 0348 0. 2890 0. 53 0. 5740 
0. 00230 27900 5. 84 0. 0348 0. 2890 0. 53 0. 5740 
0. 00240 22100 5. 23 0. 0312 0. 3030 0. 51 0. 5610 
0. 00225 27600 5. 41 0. 0312 0. 3030 0. 51 0. 5610 
0. 00216 31500 5. 52 0. 0312 0. 3030 0. 51 0. 5610 
0. 00207 36200 5. 62 0. 0312 0. 3030 0. 51 0. 5610 
0. 00202 39700 5. 68 0. 0312 0. 3030 0. 51 0. 5610 
239 
0. 00193 42800 5. 90 
0. 00204 48100 5. 32 
0. 00230 31000 5. 08 
0. 00204 45800 5. 39 
0. 00213 39300 5. 28 
0. 00232 28700 5. 11 
0. 00268 24600 4. 92 
0. 00252 31400 5. 00 
0. 00242 36400 5. 09 
0. 00235 39800 5. 19 
0. 00231 43100 5. 20 
0. 00220 40900 5. 63 
0. 00213 43000 5. 82 
0. 00220 40900 5. 63 
0. 00213 43000 5. 82 
0. 00225 35600 5. 69 
0. 00235 30700 5. 58 
0. 00247 25900 5. 44 
0. 00266 20100 5. 27 
0. 00248 29300 5. 23 
0. 00240 32700 5. 32 
0. 00276 19900 5. 02 
Li , et 
0. 00173 13030 6. 25 
0. 00168 21830 6. 25 
0. 00159 30640 6. 25 
0. 00153 39150 6. 25 
0. 00142 47290 6. 25 
0. 00133 56840 6. 25 
0. 00129 65690 6. 25 
0. 00302 13740 5. 95 
0. 00250 22920 5. 95 
0. 00234 31430 5. 95 
0. 00216 40780 5. 95 
0. 00195 49610 5. 95 
0. 00186 59540 5. 95 
0. 00178 69360 5. 95 
0. 00321 12730 6. 37 
0. 00268 21260 6. 37 
0. 00247 29180 6. 37 
0. 00228 38070 6. 37 
0. 00208 46370 6. 37 
0. 00201 56000 6. 37 
0. 00193 66260 6. 37 
0. 00211 13520 6. 05 
0. 00190 22520 6. 05 
0. 00173 30690 6. 05 
0. 00159 39880 6. 05 
.0312 0. 3030 0. 51 0. 5610 
.0312 0. 3030 0. 51 0. 5610 
.0312 0. 3030 0. 51 0. 5610 
.0312 0. 3030 0. 51 0. 5610 
.0312 0. 3030 0. 51 0. 5610 
.0312 0. 3030 0. 51 0. 5610 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
.0376 0. 2410 0. 53 0. 5720 
• [24] 
.0190 0. 5540 0. 89 0. 7008 
.0190 0. 5540 0. 89 0. 7008 
.0190 0. 5540 0. 89 0. 7008 
.0190 0. 5540 0. 89 0. 7008 
.0190 0. 5540 0. 89 0. 7008 
.0190 0. 5540 0. 89 0. 7008 
.0190 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0430 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0531 0. 5540 0. 89 0. 7008 
.0261 0. 5534 0. 89 0. 7008 
.0261 0. 5534 0. 89 0. 7008 
.0261 0. 5534 0. 89 0. 7008 


















































0. 00152 49340 6. 05 
0. 00138 58790 6. 05 
0. 00135 69030 6. 05 
0. 00189 14030 5. 90 
0. 00165 22540 5. 90 
0. 00150 32040 5. 90 
0. 00138 40720 5. 90 
0. 00128 50110 5. 90 
0. 00121 60390 5. 90 
0. 00112 69920 5. 90 
0. 00241 14490 5. 63 
0. 00277 24040 5. 63 
0. 00195 32850 5. 63 
0. 00185 42830 5. 63 
0. 00174 53190 5. 63 
0. 00163 62780 5. 63 
0. 00155 72560 5. 63 
0. 00253 14900 5. 58 
0. 00216 23800 5. 58 
0. 00197 33350 5. 58 
0. 00185 43390 5- 58 
0. 00177 52730 5. 58 
0. 00167 62880 5. 58 
0. 00161 73100 5. 58 
0. 00195 14910 5. 47 
0. 00178 23920 5. 47 
0. 00155 34220 5. 47 
0. 00147 44220 5. 47 
0. 00136 53590 5. 47 
0. 00128 63870 5. 47 
0. 00233 15015 5. 76 
0. 00206 23661 5. 76 
0. 00187 33305 5. 76 
0. 00171 42398 5. 76 
0. 00158 51184 5. 76 
0. 00151 59104 5. 76 
0. 00146 60709 5. 76 
0. 00191 13190 6. 23 
0. 00165 22012 6. 23 
0. 00147 30256 6. 23 
0. 00138 39285 6. 23 
0. 00131 48236 6. 23 
0. 00130 56811 6. 23 
0. 00124 65166 6. 23 
0. 00311 17410 4. 59 
0. 00274 29070 4. 59 
0. 00242 40480 4. 59 
0. 00215 50980 4. 59 
0. 00194 62300 4. 59 
0. 00179 74540 4. 59 
.0261 0. 5534 0. 89 0. 7008 
.0261 0. 5534 0. 89 0. 7008 
.0261 0. 5534 0. 89 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0245 0. 9715 0. 81 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0261 0. 4122 0. 92 0. 7008 
.0269 0. 4199 0. 92 0. 7008 
.0269 0. 4199 0. 92 0. 7008 
.0269 0. 4199 0. 92 0. 7008 
.0269 0. 4199 0. 92 0. 7008 
.0269 0. 4199 0. 92 0- 7008 
.0269 0. 4199 0. 92 0. 7008 
.0269 0. 4199 0. 92 0. 7008 
.0246 0. 6979 0. 86 0. 7008 
.0246 0. 6979 0. 86 0. 7008 
.0246 0. 6979 0. 86 0. 7008 
.0246 0. 6979 0. 86 0. 7008 
.0246 0. 6979 0. 86 0. 7008 
.0246 0. 6979 0. 86 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0240 0. 4211 0. 92 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0247 0. 6990 0. 86 0. 7008 
.0411 0. 4502 0. 91 0. 7008 
.0411 0. 4502 0. 91 0. 7008 
.0411 0. 4502 0. 91 0. 7008 
.0411 0. 4502 0. 91 0. 7008 
.0411 0. 4502 0. 91 0. 7008 




















































0. 00176 86620 4. 59 0. 0411 0. 4502 0. 91 0. 7008 0. 00277 16560 4. 82 0. 0421 0. 9049 0. 82 0. 7008 0. 00240 27660 4. 82 0. 0421 0. 9049 0. 82 0. 7008 0. 00213 38570 4. 82 0. 0421 0. 9049 0. 82 0. 7008 0. 00199 49690 4. 82 0. 0421 0. 9049 0. 82 0. 7008 0. 00185 60140 4. 82 0. 0421 0. 9049 0. 82 0. 7008 
0. 00179 73200 4. 82 0. 0421 0. 9049 0. 82 0. 7008 
0. 00170 83520 4. 82 0. 0421 0. 9049 0. 82 0. 7008 
0. 00269 17860 4. 51 0. 0476 1. 3660 0. 74 0. 7008 0. 00229 29840 4. 51 0. 0476 1. 3660 0. 74 0. 7008 0. 00198 40800 4. 51 0. 0476 1. 3660 0. 74 0. 7008 
0. 00189 52660 4. 51 0. 0476 1. 3660 0. 74 0. 7008 
0. 00182 64630 4. 51 0. 0476 1. 3660 0. 74 0. 7008 
0. 00177 76740 4. 51 0. 0476 1. 3660 0. 74 0. 7008 0. 00166 88640 4. 51 0. 0476 1. 3660 0. 74 0. 7008 0. 00240 15800 5. 13 0. 0445 1. 8220 0. 67 0. 7008 
0. 00196 26280 5. 13 0. 0445 1. 8220 0. 67 0. 7008 
0. 00180 36840 5. 13 0. 0445 1. 8220 0. 67 0. 7008 0. 00160 47410 5. 13 0. 0445 1. 8220 0. 67 0. 7008 
0. 00148 57370 5. 13 0. 0445 1. 8220 0. 67 0. 7008 0. 00146 69120 5. 13 0. 0445 1. 8220 0. 67 0. 7008 0. 00141 80360 5. 13 0. 0445 1. 8220 0. 67 0. 7008 
0. 00186 15830 5. 17 0. 0575 0. 8919 0. 46 0. 7008 0. 00139 26220 5. 17 0. 0575 0. 8919 0. 46 0. 7008 0. 00130 36190 5. 17 0. 0575 0. 8919 0. 46 0. 7008 0. 00122 46170 5. 17 0. 0575 0. 8919 0. 46 0. 7008 0. 00113 55210 5. 17 0. 0575 0. 8919 0. 46 0. 7008 
0. 00109 65330 5. 17 0. 0575 0. 8919 0. 46 0. 7008 0. 00105 74440 5. 17 0. 0575 0. 8919 0. 46 0. 7008 0. 00165 15030 5. 46 0. 0100 0. 1699 0. 97 0. 7008 0. 00158 25090 5. 46 0. 0100 0. 1699 0. 97 0. 7008 
0. 00152 34950 5. 46 0. 0100 0. 1699 0. 97 0. 7008 0. 00144 44800 5. 46 0. 0100 0. 1699 0 = 97 0. 7008 0. 00139 54010 5. 46 0. 0100 0. 1699 0. 97 0. 7008 
0. 00136 64360 5. 46 0. 0100 0. 1699 0. 97 0. 7008 0. 00132 73430 5. 46 0. 0100 0. 1699 0. 97 0. 7008 0. 00340 15170 5. 36 0. 0690 0. 5373 0. 89 0. 7008 0. 00282 25280 5. 36 0. 0690 0. 5373 0. 89 0. 7008 0. 00259 35270 5. 36 0. 0690 0. 5373 0. 89 0. 7008 0. 00248 45340 5. 36 0. 0690 0. 5373 0. 89 0. 7008 0. 00225 55330 5. 36 0. 0690 0. 5373 0. 89 0. 7008 0. 00216 64950 5. 36 0. 0690 0. 5373 0. 89 0. 7008 0. 00331 14800 5. 54 0. 0547 0. 4556 0. 91 0. 7008 0. 00281 24710 5. 54 0. 0547 0. 4556 0. 91 0. 7008 0. 00259 34490 5. 54 0. 0547 0. 4556 0. 91 0. 7008 0. 00236 44310 5. 54 0. 0547 0. 4556 0. 91 0. 7008 0. 00215 54150 5. 54 0. 0547 0. 4556 0. 91 0. 7008 0. 00213 63680 5. 54 0. 0547 0. 4556 0. 91 0. 7008 0. 00168 15150 5. 45 0. 0115 0. 1431 0. 97 0. 7008 0. 00166 25350 5. 45 0. 0115 0. 1431 0. 97 0. 7008 
242 
0. 00158 35400 5. 45 0. 0115 0. 1431 0. 97 0. 7008 
0. 00152 45510 5. 45 0. 0115 0. 1431 0. 97 0. 7008 
0. 00146 54660 5. 45 0. 0115 0. 1431 0. 97 0. 7008 
0. 00131 64230 5. 45 0. 0115 0. 1431 0. 97 0. 7008 
0. 00125 74420 5. 45 0. 0115 0. 1431 0. 97 0. 7008 
0. 00300 15550 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
0. 00262 25910 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
0. 00242 36100 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
0. 00222 46410 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
0. 00220 57090 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
0. 00201 67100 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
0. 00195 76890 5. 45 0. 0383 0. 2945 0. 94 0. 7008 
Gupta and Rao [34] 
0. 00370 8000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00370 10000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00355 15000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00353 20000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00343 30000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00341 40000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00329 50000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00318 60000 4. 32 0. 0559 0. 2955 0. 94 0. 9094 
0. 00347 8000 4. 32 0. 0560. 0. 8000 0. 84 0. 9843 
0. 00343 10000 4. 32 0. 0560 0. 8000 0. 84 0. 9843 
0. 00324 15000 4. 32 0. 0560' 0. 8000 0. 84 0. 9843 
0. 00318 20000 4. 32 0. 0560 0. 8000 0. 84 0. 9843 
0. 00305 30000 4. 32 0. 0560 0. 8000 0. 84 0. 9843 
0. 00289 40000 4. 32 0. 0560 0. 8000 0. 84 0. 9843 
0. 00289 50000 4. 32 0. 0560 0, 8000 0. 84 0. 9843 
0. 00270 60000 4. 32 0. ,0560 0. ,8000 0. ,84 0. 9843 
0. 00304 8000 4. ,32 0. ,0200 0. ,2000 0. ,96 0. 9843 
0. 00285 10000 4. .32 0. .0200 0. .2000 0. 96 0, 9843 
0. 00267 15000 4. ,32 0. ,0200 0. .2000 0. ,96 0. 9843 
0. 00255 20000 4. ,32 0. .0200 0. ,2000 0. .96 0. 9843 
0. 00231 30000 4. .32 0. .0200 0. .2000 0. .96 0. ,9843 
0. ,00223 40000 4. .32 0. .0200 0, .2000 0. .96 0. .9843 
0, .00208 50000 4 .32 0, .0200 0 .2000 0, .96 0. .9843 
0. .00197 60000 4 .32 0 .0200 0 .2000 0 .96 0. .9843 
0. .00289 8000 4 .32 0 .0300 0 .6000 0 .88 0. .9843 
0. .00278 10000 4 .32 0 .0300 0 .6000 0 .88 0, .9843 
0, .00250 15000 4 .32 0 .0300 0 .6000 0 .88 0, .9843 
0, .00241 20000 4 .32 0 .0300 0 . 6000 0 .88 0, .9843 
0, .00220 30000 4 .32 0 . 0300 0 .6000 0 .88 0 .9843 
0 .00203 40000 4 .32 0 .0300 0 .6000 0 .88 0 .9843 
0 .00197 50000 4 .32 0 .0300 0 .6000 0 .88 0 .9843 
0 .00183 60000 4 .32 0 .0300 0 .6000 0 .88 0 .9843 
0 .00272 8000 4 .32 0 .0200 0 .4000 0 .92 0 .9843 
0 .00259 10000 4 .32 0 .0200 0 .4000 0 .92 0 .9843 
0 .00239 15000 4 .32 0 .0200 0 .4000 0 .92 0 .9843 
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0. 00226 20000 4. 32 0. 0200 0. 4000 0. 92 0. 9843 
0. 00208 30000 4. 32 0. 0200 0. 4000 0. 92 0. 9843 
0. 00197 40000 4. 32 0. 0200 0. 4000 0. 92 0. 9843 
0. 00188 50000 4. 32 0. 0200 0. 4000 0. 92 0. 9843 
0. 00170 60000 4. 32 0. 0200 0. 4000 0. 92 0. 9843 
Ganeshan and Rao [39] 
0. 00222 129000 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00222 127000 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00230 109000 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00284 36900 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00282 31300 4. 30 0. 0261 1. 1691 0, 77 1. 0039 
0. 00309 21800 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00293 15900 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00261 11600 4. 30 0. 0261 1. 1691 0. 77 1. 0039 
0. 00198 128000 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00190 120000 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00182 110000 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00191 100000 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00186 89900 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00219 79600 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00214 . 73800 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00213 58000 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00216 46200 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00239 40900 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00242 33700 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 0C239 32100 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00234 26800 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00258 17100 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00239 9750 4. 30 0. 0208 1. 1793 0. 77 1. 0039 
0. 00184 129000 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00191 122000 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00211 116000 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00186 109000 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00195 97600 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00232 77100 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00256 61700 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00256 55500 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00269 46600 4. 30 0. 0245 1. 1673 0. 77 1. 0039 
0. 00214 114000 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0. 00226 106000 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0. 00228 101000 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0. 00242 85700 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0, 00258 75600 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0. 00253 65200 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0. 00325 19300 4. 30 0. 0303 1. 1820 0. 77 1. 0039 
0. 00349 10000 4. 30 0. 030.3 1. 1820 0. 77 1. 0039 
0. 00206 113000 4. 30 0. 0139 0. 8407 0. 77 1. 0039 
0. 00266 31500 4. 30 0. 0139 0. 8407 0. 77 1. 0039 
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0. 00192 127000 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00207 118000 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00196 108000 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00192 98000 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00216 86300 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00234 72600 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00226 62900 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00220 57000 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00219 45700 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00270 37900 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00238 33200 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00228 32700 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00227 24600 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00221 21000 4. 30 0. 0118 0. 3929 0. 77 1. 0039 
0. 00246 84100 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00277 83200 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00272 73400 4. 30 0. 0234 0- 2969 0. 77 1. 0039 
0. 00262 69300 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00282 61900 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00293 56300 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00270 54200 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00308 51400 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00341 36800 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00333 34900 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
0. 00312 32100 4. 30 0. 0234 0. 2969 0. 77 1. 0039 
Nakayama et al. 1 [25] 
0. 00208 10299 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00165 17606 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00150 25171 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00127 33632 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00124 38508 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00111 50907 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00081 72562 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00079 85649 7. 10 0. 0210 0. 5379 0. 33 0. 5709 
0. 00172 8893 7. 70 0. 0210 0. 3740 0. 51 0. 5709 
0, 00174 11738 7. 70 0. 0210 0. 3740 0. 51 0. 5709 
0. 00143 17130 7. 70 0. 0210 0. 3740 0. 51 0. 5709 
0. 00125 27682 7. 70 0. 0210 0. 3740 0. 51 0. 5709 
0. 00101 40614 7. 70 0. 0210 0. 3740 0. 51 0. 5709 
0. 00087 68487 7. 70 0. 0210 0. 3740 0. 51 0. 5709 
0. 00160 10936 7. 15 0. 0210 0. 3172 0. 64 0. 5709 
0. 00111 29869 7. 15 0. 0210 0. 3172 0. 64 0. 5709 
0. 00105 36428 7. 15 0-. 0210 0. 3172 0. 64 0. 5709 
0. 00074 64444 7. 15 0. 0210 0. 3172 0. 64 0. 5709 
0. 00279 8061 7. 35 0. 0210 0. 2731 0. 89 0. 5709 
0. 00237 13087 7. 35 0. 0210 0. 2731 0. 89 0. 5709 
0. 00215 17340 7. 35 0. 0210 0. 2731 0. 89 0. 5709 
0. 00214 27914 7. 35 0. 0210 0. 2731 0. 89 0. 5709 
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0. 00684 30000 0. 71 
0. 00637 40000 0. 71 
0. 00600 50000 0. 71 
0. 00578 60000 0. 71 
0. 00562 70000 0. 71 
0. 01521 2000 0. 71 
0. 01344 4000 0. 71 
0. 01233 7000 0. 71 
0. 01132 10000 0. 71 
0. 01038 15000 0. 71 
0. 00941 20000 0. 71 
0. 00826 30000 0. 71 
0. 00814 40000 0. 71 
0. 00812 50000 0. 71 
0. 00790 60000 0. 71 
0. 00778 70000 0. 71 
0. 00546 7000 0. 71 
0. 00538 10000 0. 71 
0. 00486 15000 0. 71 
0. 00474 20000 0. 71 
0. 00410 30000 0. 71 
0. 00398 40000 0. 71 
0. 00368 50000 0. 71 
0. 00354 60000 0. 71 
0. 00344 70000 0. 71 
Mi gai 
0. 00570 12600 0. 71 
0. 00570 15200 0. 71 
0. 00560 18000 0. 71 
0. 00510 20000 0. 71 
0. 00520 25000 0. 71 
0. 00490 36500 0. 71 
0. 00490 40000 0. 71 
0. 00450 48000 0. 71 
0. 00400 60000 0. 71 
0. 00400 64000 0. 71 
0. 00400 72000 0. 71 
0. 00330 110000 0. 71 
0. 00560 12200 0. 71 
0. 00540 13600 0. 71 
0. 00520 15000 0. 71 
0. 00510 18400 0. 71 
0. 00470 25000 0. 71 
0. 00460 33000 0. 71 
0. 00460 37000 0. 71 
0. 00410 44500 0. 71 
0. 00400 49000 0. 71 
0. 00370 72000 0. 71 
.0435 0 .8890 1. 00 1. 8110 
.0435 0 .8890 1. 00 1. 8110 
.0435 0 .8890 1. 00 1. 8110 
.0435 0 .8890 1. 00 1. 8110 
.0435 0 .8890 1. 00 1. 8110 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 6535 
.0952 0 .9738 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
.0435 3 .5544 1. 00 1. 8110 
Bystrov [36] 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0.- 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2096 2 .3952 0. 60 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 
.2059 4 .3103 0. 39 0. 7087 


















































0. 00360 78000 0. 71 0. 2059 4. 3103 0. 39 0. 7087 
0. 00340 90000 0. 71 0. 2059 4. 3103 0. 39 0. 7087 
0. 00320 102000 0. 71 0. 2059 4. 3103 0. 39 0. 7087 
0. 00530 10800 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00530 12600 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00500 16800 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00470 20000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00450 30000 0- 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00430 38000 0. 71 0. 2035 6, 9767 0. 27 0. 7087 
0. 00410 46000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00390 60000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00370 78000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00370 85000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00360 95000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00350 110000 0. 71 0. 2035 6. 9767 0. 27 0. 7087 
0. 00450 12000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00400 19500 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00350 28000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00350 40000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00310 58000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00300 63000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00290 72000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00280 89000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00270 93000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00280 100000 0. 71 0. 2096 17. 8144 0. 11 0. 7087 
0. 00280 108000 0. 71 0. 2096 17. 8144 0. 11 0". 7087 
0. 00790 10500 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00760 14000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00700 20000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00670 24500 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00620 30000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00590 33500 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00540 52000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00480 70000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00450 85000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00420 102000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00440 105000 0. 71 0. 2071 2. 1313 0. 65 0. 7087 
0. 00480 11200 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00590 13000 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00570 13500 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00500 19800 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00450 25000 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00410 36000 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00400 42500 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00360 58000 0. 71 0. 1000 2. 1313 0. 57 0. 5299 
0. 00330 78000 0. 71 0. 1000 2-1313 0. 67 0. 6299 
0. 00300 118000 0. 71 0. 1000 2. 1313 0. 67 0. 6299 
0. 00480 16000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00500 19800 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00430 39000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
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0. 00390 50000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00370 80000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00340 95000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00320 114000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00580 11500 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00480 21000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00470 30600 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00420 48000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00390 58000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00370 65000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00350 80000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00340 90000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00320 108000 0. 71 0. 0993 2. 1192 0. 63 0. 6299 
0. 00550 14000 0. 71 0. 1299 1. 8182 0. 67 0. 6693 Q. 00550 16500 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00530 20000 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00530 23000 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00490 31500 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00480 38500 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00420 58500 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00400 74000 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00330 114000 0. 71 0. 1299 1. 8182 0. 67 0. 6693 
0. 00640 10200 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00570 16000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00540 19700 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00530 24000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00540 31000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00510 37000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00450 50000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00430 60000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00400 76000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00360 95000 0. 71 0. 1656 1. 8540 0. 66 0. 6693 
0. 00570 12800 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00560 15000 0. 71 0. 1582 1. 8987 0- 65 0. 6693 
0. 00510 21500 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00510 28500 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00500 33000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00460 40000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00430 48000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00410 60000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00390 72000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00360 87000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
0. 00360 95000 0. 71 0. 1582 1- 8987 0. 65 0. 6693 
0. 00350 104000 0. 71 0. 1582 1. 8987 0. 65 0. 6693 
Kalinin et al. [16] 
0. 00905 13260 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00872 • 15919 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00867 17434 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
249 
0. 00836 18664 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00897 18361 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00866 19981 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00796 22632 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00841 22632 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00782 23641 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00776 25938 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00782 26850 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00789 28023 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00750 31139 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00770 32796 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00719 38000 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00709 41090 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00697 45206 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00643 50509 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00632 53148 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00630 55924 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00655 58365 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00611 65390 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00624 71614 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00673 79797 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00629 95536 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00590 100800 0. 70 0. 0425 1. 0000 1. 00 0, 3799 0. 00595 121232 0. 70 0- 0425 1. 0000 1. 00 0. 3799 0. 00584 129198 0. 70 0. 0425 1. 0000 1. 00 0. 3799 0. 00572 149428 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00543 185190 0. 70 0. 0425 1. 0000 1. 00 0, 3799 
0. 00533 209947 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00521 245484 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00493 299297 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00481 331681 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00479 370252 0. 70 0. 0425 1. 0000 1. 00 0. 3799 
0. 00459 420128 0 = 70 0 = 0425 1. 0000 1. 00 0. 3799 
0. OHIO 12330 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 01097 14391 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 01137 16314 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00998 19479 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00946 22264 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00972 25844 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00887 32588 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00882 35238 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00895 37112 0. 70 0. 0710 1. 0000 1. 00 0. 3799 0. 00863 41053 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00806 47525 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00825 50326 0. 70 0. 0710 1. 0000 i: 00 0. 3799 
0. 00839 53731 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00783 60198 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00771 71940 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
0. 00753 84577 0. 70 0. 0710 1. 0000 1. 00 0. 3799 0. 00743 88350 0. 70 0. 0710 1. 0000 1. 00 0. 3799 
250 
0- 00725 106840 0. 70 
0. 00819 100709 0. 70 
0. 00689 119699 0. 70 
0. 00774 122339 0. 70 
0. 00688 137188 0. 70 
0. 00669 159683 0. 70 
0. 00660 178739 0. 70 
0. 00650 209756 0. 70 
0. 00662 224558 0. 70 
0. 00637 245484 0. 70 
0. 00599 283150 0. 70 
0. 00658 300660 0. 70 
0. 00620 348055 0. 70 
0. 00610 372955 0. 70 
0. 00555 411434 0. 70 
0. 00555 411434 0. 70 
0. 00834 14067 0. 70 
0. 00827 15633 0. 70 
0. 00798 18634 0. 70 
0. 00807 19841 0- 70 
0. 00797 21069 0. 70 
0. 00794 25092 0. 70 
0. 00782 28242 0. 70 
0. 00751 32997 0. 70 
0. 00740 35263 0. 70 
0. 00721 38343 0. 70 
0. 00750 45579 0. 70 
0. 00654 56088 0. 70 
0. 00672 58538 0. 70 
0. 00744 56910 0. 70 
0. 00697 66552 0. 70 
0. 00624 75731 0. 70 
0. 00678 74773 0 = 70 
0. 00715 76007 0. 70 
0. 00683 85009 0. 70 
0. 00635 90765 0. 70 
0. 00643 97529 0. 70 
0. 00584 106626 0. 70 
0. 00618 112712 0. 70 
0. 00609 125373 0. 70 
0. 00591 142407 0. 70 
0. 00572 150809 0. 70 
0. 00587 156827 0. 70 
0. 00576 165777 0. 70 
0. 00542 185073 0. 70 
0. 00532 202888 0. 70 
0. 00533 223228 0. 70 
0. 00534 249437 0. 70 
0. 00479 328625 0. 70 
0. 00492 338027 0. 70 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0710 1 .0000 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 % . 00  0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 
.0275 0 .2500 1 .00 0. 3799 




















































0. 00482 356995 0. 70 
0. 00496 373952 0. 70 
0. 00448 444530 0. 70 
0. 00956 13676 0. 70 
0. 00941 24283 0. 70 
0. 00904 26451 0. 70 
0. 00909 41238 0. 70 
0. 00832 57535 0. 70 
0. 00821 63476 0. 70 
0. 00818 67774 0. 70 
0. 00725 123000 0. 70 
0. 00702 143970 0. 70 
0. 00522 179925 0. 70 
0. 00622 189676 0. 70 
0. 00587 210983 0. 70 
0. 00914 28320 0. 70 
0. 00904 31992 0. 70 
0. 00841 41653 0. 70 
0. 00805 53253 0. 70 
0. 00800 61041 0. 70 
0. 00719 108584 0. 70 
0. 00706 114782 0. 70 
0. 00683 123899 0. 70 
0. 00665 148900 0. 70 
0. 01206 10983 0. 70 
0. 01216 12996 0. 70 
0. 01160 16346 0. 70 
0. 01116 21870 0. 70 
0. 01124 24107 0. 70 
0. 01058 27283 0. 70 
0. 01018 30792 0. 70 
0. 01017 32284 0. 70 
0. 00994 43394 0. 70 
0. 00975 47962 0. 70 
0. 00934 61879 0. 70 
0. 00924 72429 0. 70 
0. 00905 80492 0. 70 
0. 00870 92768 0. 70 
0. 00835 108584 0. 70 
0. 00820 136569 0. 70 
0. 00814 145286 0. 70 
0. 00798 155406 0. 70 
0. 00762 174444 0. 70 
0. 00756 186595 0. 70 
0. 00754 205489 0. 70 
0. 00757 214858 0. 70 
0. 00707 239430 0. 70 
0. 00700 270725 0. 70 
0. 00682 305275 0. 70 
0. 00680 344549 0. 70 
.0275 0. 2500 1. 00 0 .3799 
.0275 0. 2500 1. 00 0 .3799 
.0275 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0375 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0475 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 
.0700 0. 2500 1. 00 0 .3799 




















































0. 00671 377714 0. 70 
0. 00704 412569 0. 70 
0. 01088 16331 0. 70 
0. 01106 17200 0. 70 
0. 00993 24283 0. 70 
0. 01104 23565 0. 70 
0. 00977 32402 0. 70 
0. 00930 37344 0. 70 
0. 00964 40237 0. 70 
0. 00930 44231 0. 70 
0. 00919 50561 0. 70 
0. 00893 58379 0. 70 
0. 00845 81598 0. 70 
0. 00798 91678 0. 70 
0. 00765 106335 0. 70 
0. 00676 164126 0. 70 
0. 00653 182564 0. 70 
0. 00709 201783 0. 70 
0. 00630 234898 0. 70 
0. 00609 251947 0. 70 
0. 00595 291167 0. 70 
0. 00694 10999 0. 70 
0. 00686 11561 0. 70 
0. 00623 14516 0. 70 
0. 00631 15524 0. 70 
0. 00615 20769 0. 70 
0. 00566 23241 0. 70 
0. 00573 29500 0. 70 
0. 00554 38688 0. 70 
0. 00558 42708 0. 70 
0. 00544 44729 0. 70 
0. 00516 52660 0. 70 
0. 00521 57606 0. 70 
0. 00516 62335 0. 70 
0. 00496 73787 0. 70 
0. 00491 83775 0. 70 
0. 00484 91727 0. 70 
0. 00475 103860 0. 70 
0. 00459 118993 0. 70 
0. 00457 136084 0. 70 
0. 00438 172110 0. 70 
0. 00430 207648 0. 70 
0. 00408 264532 0. 70 
0. 00400 313417 0. 70 
0. 00892 11988 0. 70 
0. 00894 14217 0. 70 
0. 00869 15694 0. 70 
0. 00858 23220 0. 70 
0. 00832 25171 0. 70 
0. 00846 26172 0. 70 
.0700 0. 2500 1 .00 0. 3799 
.0700 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0215 0. 2500 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 , 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0165 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 




















































0. 00812 28193 0. 70 
0. 00791 30204 0. 70 
0. 00781 33101 0. 70 
0. 00793 35399 0. 70 
0. 00770 39218 0. 70 
0. 00735 42902 0. 70 
0. 00732 45301 0. 70 
0. 00718 48445 0. 70 
0. 00675 65285 0. 70 
0. 00667 93321 0. 70 
0. 00634 114651 0. 70 
0. 00637 143433 0. 70 
0. 00619 167037 0. 70 
0. 00576 259542 0. 70 
0. 01064 12961 0. 70 
0. 01033 17657 0. 70 
0. 00959 21792 0. 70 
0. 00911 25702 0. 70 
0. 00963 28347 0. 70 
0. 00923 31634 0. 70 
0. 00862 37616 0. 70 
0. 00818 44770 0. 70 
0. 00820 54953 0. 70 
0. 00803 63937 0. 70 
0. 00731 83547 0. 70 
0. 00678 107794 0. 70 
0. 00692 124062 0. 70 
0. 00662 146191 0. 70 
0. 00653 170557 0. 70 
0. 00632 213375 0. 70 
0. 00587 245131 0. 70 
0. 00581 276300 0. 70 
0. 00558 360715 0. 70 
0. 01138 16481 0. 70 
0. 01140 17997 0. 70 
0. 01078 21575 0. 70 
0. 01071 24585 0. 70 
0. 01034 26943 0. 70 
0. 01030 31462 0. 70 
0. 01093 31462 0. 70 
0. 00989 36112 0. 70 
0. 00941 41411 0. 70 
0. 00965 42322 0. 70 
0. 00947 47059 0. 70 
0. 00911 56009 0. 70 
0. 00909 59410 0. 70 
0. 00782 106435 0. 70 
0. 00769 119860 0. 70 
0. 00748 136208 0. 70 
0. 00742 147924 0. 70 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0375 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0475 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
. 0600 0. 5000 1 .00 0. 3799 
. 0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 
.0600 0. 5000 1 .00 0. 3799 




















































0. 00817 161232 0. 70 
0. 00716 183556 0. 70 
0. 00707 241819 0. 70 
0. 00695 261906 0. 70 
0. 00666 322352 0. 70 
0. 00820 13648 0. 70 
0. 00697 16982 0. 70 
0. 00693 18797 0. 70 
0. 00698 23903 0. 70 
0. 00645 29128 0. 70 
0. 00663 32832 0. 70 
0. 00623 37890 0. 70 
0. 00602 52755 0. 70 
0. 00597 59141 0. 70 
0. 00588 61996 0. 70 
0. 00617 64931 0. 70 
0. 00552 90160 0. 70 
0. 00560 93490 0. 70 
0. 00536 103203 0. 70 
0. 00541 107697 0. 70 
0. 00534 114963 0. 70 
0. 00524 128295 0. 70 
0. 00506 134856 0. 70 
0. 00492 155066 0. 70 
0. 00508 163144 0. 70 
0. 00491 186408 0. 70 
0. 00471 213568 0. 70 
0. 00462 239636 0. 70 
0. 00448 264532 0. 70 
0. 00462 291750 0. 70 
0. 00422 423133 0. 70 
0. 00771 15552 0. 70 
0. 00762 17075 0. 70 
0. 00749 18797 0. 70 
0. 00730 22413 0. 70 
0. 00713 26870 0. 70 
0. 00743 29742 0. 70 
0. 00679 35047 0. 70 
0. 00678 38478 0. 70 
0. 00672 41449 0. 70 
0. 00641 46550 0. 70 
0. 00638 51713 0. 70 
0. 00619 74055 0. 70 
0. 00612 77842 0. 70 
0. 00582 107112 0. 70 
0. 00610 127368 0. 70 
0. 00560 147924 0. 70 
0. 00515 191201 0. 70 
0. 00527 196830 0. 70 
0. 00519 221859 0. 70 
.0600 0. 5000 1. 00 0. 3799 
.0600 0. 5000 1. 00 0. 3799 
.0600 0. 5000 1. 00 0. 3799 
.0600 0. 5000 1. 00 0. 3799 
.0600 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0215 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
= 0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0. 3799 
.0275 0. 5000 1. 00 0, 3799 
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0. 01025 8344 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00978 10134 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00948 11388 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00933 12544 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00864 17078 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00832 19156 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00788 22666 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00765 25535 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00713 28910 0. 70 0. 1450 2. 0500 0. 63 0. 5500 
0. 00945 6114 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00894 6935 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00863 7879 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00813 9758 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00797 10961 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00767 13201 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00766 14923 0. 70 0. 1450 3 . 1100 0. 50 0. 5500 
0. 00706 17204 0. 70 0. 1450 3. 1100 0. 50 0- 5500 
0. 00680 19873 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00656 22368 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00608 29166 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00584 34174 0. 70 0. 1450 3. 1100 0. 50 0. 5500 
0. 00827 7914 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00856 6701 0. 70 0. 0580 2. 1700 0 ,  62 0. 5500 
0. 00812 8619 0. 70 0. 0580 2. 1700 0 .  62 0. 5500 
0. 00795 9545 0. 70 0. 0580 2. 1700 0 .  62 0. 5500 
0. 00747 11529 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00752 12282 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00708 14683 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00683 17255 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00638 22412 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00602 27418 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00588 32268 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0, 00548 37697 0. 70 G, 0580 2 = 1700 0. 62 0, 5500 
0. 00522 41298 0. 70 0. 0580 2. 1700 0. 62 0. 5500 
0. 00942 7436 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00908 8377 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00888 9461 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00870 10633 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00828 13318 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00796 14583 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00770 17649 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00734 20527 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00708 22968 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00679 26649 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 00616 32283 0. 70 0. 0580 1. 4450 0. 73 0. 5500 
0. 01000 7616 0. 71 0. 0580 0. 7240 0. 86 0. 5500 
0. 00940 8717 0. 71 0. 0580 0. 7240 0. 86 0. 5500 
0. 00919 9997 0. 71 0. 0580 0. 7240 0. 86 0. 5500 
0. 00889 11626 0. 71 0. 0580 0. 7240 0. 86 0. 5500 
0. 00854 13933 0. 71 0. 0580 0. 7240 0. 86 0. 5500 
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0. 00487 9493 0. 70 0. 0634 3. 9756 0. 43 0. 4098 
0. 00465 22833 0. 70 0. 0634 3. 9756 0. 43 0. 4098 
0. 00441 34314 0. 70 0. 0634 3. 9756 0. 43 0. 4098 
0. 00450 48041 0. 70 0. 0634 3. 9756 0. 43 0. 4098 
0. 00663 7662 0. 70 0. 0317 0. 6585 0. 87 0. 4098 
0. 00692 12570 0. 70 0. 0317 0. 6585 0. 87 0. 4098 
0. 00666 18559 0. 70 0. 0317 0. 6585 0. 87 0. 4098 
0. 00637 24487 0, 70 0. 0317 0. 6585 0. 87 0. 4098 
0. 00561 6250 0. 70 0. 0317 1. 1951 0. 77 0. 4098 
0. 00597 12704 0. 70 0. 0317 1. 1951 0. 77 0. 4098 
0. 00565 22772 0. 70 0. 0317 1. 1951 0. 77 0. 4098 
0. 00506 32452 0. 70 0. 0317 1. 1951 0. 77 0. 4098 
0. 00456 45717 0. 70 0. 0317 1. 1951 0. 77 0. 4098 
0. 00524 7157 0. 70 0. 0317 1. 6829 0. 59 0. 4098 
0. 00542 9187 0. 70 0. 0317 1. 6829 0. 59 0. 4098 
0. 00542 15369 0. 70 0. 0317 1. 6829 0. 69 0. 4098 
0. 00506 23614 0. 70 0. 0317 1. 6829 0. 59 0. 4098 
0. 00474 35520 0. 70 0. 0317 1. 6829 0. 59 0. 4098 
0. 00454 51068 0. 70 0. 0317 1. 6829 0. 69 0. 4098 
0. 00474 8131 0. 70 0. 0317 2. 4286 0. 58 0. 4098 
0. 00482 12306 0. 70 0. 0317 2. 4286 0. 58 0. 4098 
0. 00461 17305 0. 70 0. 0317 2. 4285 0. 58 0. 4098 
0. 00436 23179 0. 70 0. 0317 2. 4286 0. 58 0. 4098 
0. 00425 7402 0. 70 0. 0317 5. 3170 0. 34 0. 4098 
0. 00434 11026 0. 70 0. 0317 5. 3170 0. 34 0. 4098 
0. 00406 19143 0. 70 0. 0317 5. 3170 0. 34 0. 4098 
0. 00401 21651 0. 70 0. 0317 5. 3170 0. 34 0. 4098 
0. 00379 29206 0. 70 0. 0317 5. 3170 0. 34 0. 4098 
0. 00717 6101 0. 70 0. 0463 0. 6342 0. 87 0. 4098 
0. 00764 9776 0. 70 0. 0463 0. 6342 0. 87 0. 4098 
0. 00781 13929 0. 70 0. 0463 0. 6342 0. 87 0. 4098 
0. 00764 18957 0. 70 0. 0463 0. 6342 0. 87 0. 4098 
0. 00743 27887 0. 70 0. 0463 0. 6342 0. 87 0. 4098 
0. 00688 39119 0. 70 0. 0463 0. 6342 0. 87 0. 4098 
0. 00656 54499 0. 70 0. 0463 0. 5342 0. 87 0. 4098 
0. 00711 6376 0. 70 0. 0463 0. 2439 0. 95 0. 4098 
0. 00776 9802 0. 70 0. 0463 0. 2439 0. 95 0. 4098 
0. 00731 18393 0. 70 0. 0463 0. 2439 0. 95 0. 4098 
0. 00689 25913 0. 70 0. 0463 0. 2439 0. 95 0. 4098 
0. 00650 41449 0. 70 0. 0463 0. 2439 0. 95 0. 4098 
0. 00617 7617 0. 70 0. 0463 1. 5122 0. 71 0. 4098 
0. 00616 12910 0. 70 0. 0463 1. 5122 0. 71 0. 4098 
0. 00575 24268 0- 70 0. 0463 1. 5122 0. 71 0. 4098 
0. 00547 36952 0. 70 0. 0463 1. 5122 0. 71 0. 4098 
0. 00492 53984 0. 70 0. 0453 1. 5122 0. 71 0. 4098 
Kumar and Judd [27] 
0. 00339 7500 4. 81 0. 1083 1. 2600 0. 75 0. 4799 
0. 00285 11200 4. 66 0. 1083 1. 2500 0. 75 0. 4799 
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0. 00272 15600 4. 64 
0. 00250 21900 4. 50 
0. 00244 29200 4. 48 
0. 00239 38700 4. 52 
0. 00206 51500 4. 59 
0. 00225 63000 4. 66 
0. 00314 8800 4. 66 
0. 00276 12900 4. 50 
0. 00273 18600 4. 39 
0. 00240 26200 4. 32 
0. 00205 38000 4. 33 
0. 00217 49500 4. 31 
0. 00195 61300 4. 29 
0. 00176 73800 4. 41 
0. 00261 9700 5. 00 
0. 00240 13600 4. 88 
0. 00221 19600 4. 73 
0. 00212 26500 4. 73 
0. 00189 37000 4. 78 
0. 00179 46700 4. 88 
0. 00156 66100 4. 73 
0. 00142 89500 4. 81 
0. 00223 10100 5. 00 
0. 00187 15000 4. 81 
0. 00179 21200 4. 73 
0. 00165 27700 4. 68 
0. 00156 37600 4. 73 
0. 00150 49000 4. 88 
0. 00143 60500 4. 83 
0. 00128 77200 4. 83 
0. 00127 91200 4. 68 
0. 00217 10300 5. 08 
0. 00199 15100 4. 83 
0. 00177 21300 4. 73 
0. 00166 28500 4. 68 
0. 00156 37700 4. 73 
0. 00143 48200 4. 88 
0. 00149 62800 4. 83 
0. 00126 85600 4. 83 
0. 00122 105500 4. 68 
0. 00196 10900 5. 08 
0. 00167 15700 4. 83 
0. 00159 22100 4. 64 
0. 00147 29600 4. 64 
0. 00138 40000 4. 70 
0. 00133 52800 4. 76 
0. 00124 73500 4. 83 
0. 00125 86700 4. 68 
0. 00123 107600 4. 65 
0. 00388 6000 4. 78 
.1083 1 .2600 0. 76 0. 4799 
.1083 1 .2600 0. 76 0. 4799 
.1083 1 .2600 0. 76 0. 4799 
.1083 1 .2600 0. 76 0. 4799 
.1083 1 .2600 0. 76 0. 4799 
.1083 1 .2600 0. 76 0. 4799 
. 1083 1 .6300 0. 70 0. 4799 
. 1083 1 .6300 0. 70 0. 4799 
. 1083 1 .6300 0. 70 0. 4799 
.1083 1 .6300 0. 70 0. 4799 
.1083 1 .6300 0. 70 0. 4799 
.1083 1 .6300 0. 70 0. 4799 
.1083 1 .6300 0. 70 0. 4799 
.1083 1 .6300 0. 70 0. 4799 
.1083 2 .4000 0. 58 0. 4799 
.1083 2 .4000 0. 58 0. 4799 
.1083 2 .4000 0. 58 0. 4799 
. 1083 2 .4000 0. 58 0. 4799 
. 1083 2 .4000 0. 58 0. 4799 
.1083 2 .4000 0. 58 0. 4799 
.1083 2 .4000 0. 58 0. 4799 
. 1083 2 .4000 0. 58 0. 4799 
. 1083 3 .3000 0. 48 0. 4799 
. 1083 3 .3000 0. 48 0. 4799 
. 1083 3 .3000 0. 48 0. 4799 
.1083 3 .3000 0. 48 0. 4799 
.1083 3 .3000 0. 48 0. 4799 
. 1083 3 .3000 0. 48 0. 4799 
. 1083 3 .3000 0. 48 0. 4799 
. 1083 3 .3000 0. 48 0. 4799 
.1083 3 .3000 0. 48 0. 4799 
. 1083 3 .9000 0. 43 0. 4799 
. 1083 3 = 9000 0. 43 0. 4799 
. 1083 3 .9000 0. 43 0. 4799 
. 1083 3 .9000 0. 43 0. 4799 
.1083 3 .9000 0. 43 0. 4799 
. 1083 3 .9000 0. 43 0. 4799 
.1083 3 .9000 0. 43 0. 4799 
.1083 3 .9000 0. 43 0. 4799 
.1083 3 .9000 0. 43 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 
.1083 5 . 1000 0. 35 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 
.1083 5 . 1000 0. 35 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 
. 1083 5 . 1000 0. 35 0. 4799 




















































0. 00355 9850 4. 54 0. 1313 1. 0500 0. 79 0. 4799 
0. 00327 14000 4. 52 0. 1313 1. 0500 0. 79 0. 4799 
0. 00293 20200 4. 52 0. 1313 1. 0500 0. 79 0. 4799 
0. 00315 23300 4. 54 0. 1313 1. 0500 0. 79 0. 4799 
0. 00295 27500 4. 55 0. 1313 1. 0500 0. 79 0. 4799 
0. 00278 37500 4. 59 0. 1313 1. 0500 0. 79 0. 4799 
0. 00302 8700 5. 02 0. 1313 2. 0500 0. 53 0. 4799 
0. 00274 12800 4. 90 0. 1313 2. 0500 0. 53 0. 4799 
0. 00247 19900 4. 81 0. 1313 2. 0500 0. 53 0. 4799 
0. 00222 25500 4. 78 0. 1313 2. 0500 0. 53 0. 4799 
0. 00199 35000 4. 94 0. 1313 2. 0500 0. 53 0. 4799 
0. 00195 45100 5. 02 0. 1313 2. 0500 0. 53 0. 4799 
0. 00199 54000 5. 08 0. 1313 2. 0500 0. 53 0. 4799 
0. 00187 58700 5. 00 0. 1313 2. 0500 0. 53 0. 4799 
0. 00285 9100 5. 00 0. 1313 2. 8000 0. 54 0. 4799 
0. 00231 14400 4. 84 0. 1313 2. 8000 0. 54 0. 4799 
0. 00228 21000 4. 58 0. 1313 2. 8000 0. 54 0. 4799 
0. 00193 27500 4. 73 0. 1313 2. 8000 0. 54 0. 4799 
0. 00178 35500 4. 73 0. 1313 2. 8000 0. 54 0. 4799 
0. 00159 45900 4. 71 0. 1313 2. 8000 0. 54 0. 4799 
0. 00157 52500 4. 94 0. 1313 2. 8000 0. 54 0. 4799 
0. 00155 85000 4. 83 0. 1313 2. 8000 0. 54 0. 4799 
0. 00189 10500 4. 81 0. 1313 3. 9500 0. 43 0. 4799 
0. 00218 15500 4. 73 0. 1313 3. 9500 0. 43 0. 4799 
0. 00179 22300 4. 52 0. 1313 3. 9500 0. 43 0. 4799 
0. 00151 29400 4. 59 0. 1313 3. 9500 0. 43 0. 4799 
0. 00159 38800 4. 57 0. 1313 3. 9500 0. 43 0. 4799 
0. 00149 49200 4. 70 0. 1313 3. 9500 0. 43 0. 4799 
0. 00134 57800 4. 70 0. 1313 3. 9500 0. 43 0. 4799 
0. 00128 90500 4. 75 0. 1313 3. 9500 0. 43 0. 4799 
0. 00389 5120 4. 73 0. 1500 1. 1200 0. 78 0. 4799 
0. 00359 9450 4. 55 0. 1500 1. 1200 0. 78 0. 4799 
0. 00311 14200 4. 47 0. 1500 1. 1200 0. 78 0. 4799 
0. 00295 18900 4. 41 0. 1500 1. 1200 0. 78 0. 4799 
0. 00253 25300 4. 48 0. 1500 1. 1200 0. 78 0. 4799 
0. 00255 32400 4. 47 0. 1500 1. 1200 0. 78 0. 4799 
0. 00254 41200 4. 43 0. 1500 1. 1200 0. 78 0. 4799 
0. 00241 48800 4. 32 0. 1500 1. 1200 0. 78 0. 4799 
0. 00345 9500 4. 58 0. 1500 1. 5500 0. 59 0. 4799 
0. 00295 14700 4. 53 0. 1500 1. 5500 0. 59 0. 4799 
0. 00257 20700 4. 58 0. 1500 1. 5500 0. 59 0. 4799 
0. 00241 28500 4. 48 0. 1500 1. 5500 0. 59 0. 4799 
0. 00215 42800 4. 48 0. 1500 1. 5500 0. 59 0. 4799 
0. 00205 48800 4. 41 0. 1500 1. 5500 0. 59 0. 4799 
0. 00202 59500 4. 35 0. 1500 1. 5500 0. 59 0. 4799 
0. 00218 10100 4. 73 0. 1500 2. 9500 0. 52 0. 4799 
0. 00199 14900 4. 59 0. 1500 2. 9500 0. 52 0. 4799 
0. 00180 22300 4. 52 0. 1500 2. 9500 0. 52 0. 4799 
0. 00154 39400 4. 52 0. 1500 2. 9500 0. 52 0. 4799 
0. 00157 48000 4. 48 0. 1500 2. 9500 0. 52 0. 4799 
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0. 00086 42510 37.6 0.0100 0. 1000 1. 00 1. 4500 
0. 00136 6810 37.6 0.0200 0. 2000 1. 00 1. 4500 
0. 00124 13170 37.6 0.0200 0. 2000 1. 00 1. 4500 
0. 00107 23720 37.6 0.0200 0. 2000 1. 00 1. 4500 
0. 00090 41170 37.6 0.0200 0. 2000 1. 00 1. 4500 
0. 00080 6450 37.6 0.0200 0. 8030 1. 00 1. 4500 
0. 00087 11520 37.6 0.0200 0. 8030 1. 00 1. 4500 
0. 00077 21760 37.6 0.0200 0. 8030 1. 00 1. 4500 
0. 00063 42720 37.6 0.0200 0. 8030 1. 00 1. 4500 
Gee and Webb [21] 
0. 00465 9120 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00445 12230 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00425 14270 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00385 20060 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00362 26240 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00348 32510 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00329 40020 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00321 47450 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00314 52180 0.71 0.0100 0. 1500 0. 33 0. 9843 
0. 00521 7980 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00514 9730 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00485 1485a 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00454 20070 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00442 26570 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00431 30210 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00425 34060 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00400 42180 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00385 50290 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00375 58440 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00367 63720 0.71 0.0100 0. 1500 0. 54 0. 9843 
0. 00528 8560 0.71 0.0100 0. 1500 0. 78 0. 9843 
0. 00510 12480 0.71 0.0100 0. 1500 0. 78 0. 9843 
0. 00477 20030 0.71 0.0100 0. 1500 0. 78 0. 9843 
0- 00434 34190 0.71 0.0100 0. 1500 0. 78 0. 9843 
0. 00451 36240 0.71 0.0100 0. 1500 0. 78 0. 9843 
0. 00410 43370 0.71 0.0100 0. ,1500 0. 78 0. 9843 
0. ,00398 48620 0.71 0.0100 0. .1500 0. ,78 0. 9843 
0. ,00390 52140 0.71 0.0100 0. , 1500 0. ,78 0. .9843 
Berger and Whitehead | [28] 
0. .00849 7163 0.70 0.0200 0, .2000 1. ,00 1. ,9685 
0, .00849 8010 0.70 0.0200 0, .2000 1, .00 1. ,9685 
0, .00849 8788 0.70 0.0200 0 .2000 1, .00 1, .9685 
0 .00878 9345 0.70 0.0200 0 .2000 1, .00 1, .9685 
0 .00889 11079 0.70 0.0200 0 .2000 1 .00 1, .9685 
0 .00916 14514 0.70 0.0200 0 .2000 1, .00 1, .9685 
0 .00902 17474 0.70 0.0200 0 .2000 1, .00 1, .9685 
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0. 00722 81410 0. 70 0. 0200 0 .1000 1. 00 1. 9685 0. 00685 94371 0. 70 0. 0200 0 .1000 1. 00 1. 9685 0. 00674 119253 0. 70 0. 0200 0 .1000 1. 00 1. 9685 0. 00633 162439 0. 70 0. 0200 0 .1000 1. 00 1. 9685 
Bolla et al. [38] 
0. 00438 215666 0. 70 0. 0100 0 .1430 0. 97 0. 5500 0. 00463 176454 0. 70 0. 0100 0 .1430 0. 97 0. 5500 0. 00432 279386 0. 70 0. 0100 0 .1430 0. 97 0. 5500 0. 00384 263701 0. 70 0. 0100 0 .1430 0. 97 0. 5500 
0. 00421 257819 0. 70 0. 0100 0 .1430 0. 97 0. 5500 0. 00428 236252 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00395 255858 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00439 181356 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00494 168612 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00457 128419 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00488 116656 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00521 114695 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00517 46858 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00548 34114 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00533 23233 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00535 16175 0. 66 0-. 0100 0 .1430 0. 97 0. 5500 0. 00542 33330 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00530 23331 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00548 16469 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00519 12156 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00527 65190 0. 66 0. 0100 0 .1430 0. 97 0. 5500 0. 00499 87247 0. 66 0. 0100 0 .1430 0. 97 0. 5500 
Mi gai and Bystrov [36] 
0. 00750 10666 0. 70 0. 1944 3 .3300 0, 48 0 = 7087 0. 00736 14352 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00624 21161 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00597 24864 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00568 30390 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00547 33811 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00567 38476 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00493 53263 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00489 70587 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00418 104512 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00403 119307 0. 70 0. 1944 3 .3300 0. 48 0. 7087 0. 00464 11294 0. 70 0. 0938 2 .0000 0. 64 0. 6299 0. 00459 • 15453 0. 70 0. 0938 2 .0000 0. 64 0. 6299 0. 00440 17413 0. 70 0. 0938 2 .0000 0. 64 0. 6299 0. 00473 20183 0. 70 0. 0938 2 .0000 0. 64 0. 6299 0. 00418 26164 0. 70 0. 0938 2 .0000 0. 64 0. 6299 0. 00406 28805 0. 70 0. 0938 2 .0000 0. 64 0. 6299 0. 00371 37106 0. 70 0. 0938 2 .0000 0. 64 0. 6299 
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0. 00392 39708 0. 70 
0. 00363 43167 0. 70 
0. 00376 50008 0. 70 
0. 00351 56908 0. 70 
0. 00312 76535 0. 70 
0. 00273 135269 0. 70 
0. 00392 33811 0. 70 
0. 00363 53235 0. 70 
0. 00340 81644 0. 70 
0. 00341 94385 0. 70 
0. 00298 127405 0. 70 
0. 00453 21770 0. 70 
0. 00435 31331 0. 70 
0. 00403 47799 0. 70 
0. 00378 57178 0. 70 
0. 00276 113260 0. 70 
0. 00316 113260 0. 70 
0. 00588 12253 0. 70 
0. 00543 14217 0. 70 
0. 00568 14526 0. 70 
0. 00521 16864 0. 70 
0. 00494 20764 0. 70 
0. 00491 23891 0. 70 
0. 00457 27823 0. 70 
0. 00455 31728 0. 70 
0. 00430 39128 0. 70 
0. 00399 57358 0. 70 
0. 00374 74590 0. 70 
0. 00327 101056 0. 70 
0. 00304 123128 0. 70 
0. 00618 10433 0. 70 
0. 00558 15984 0. 70 
0. 00529 19878 0. 70 
0. 00501 24747 0. 70 
0. 00478 31579 0. 70 
0. 00460 38073 0. 70 
0. 00418 49825 0. 70 
0. 00417 52568 0. 70 
0. 00402 60230 0. 70 
0. 00378 76575 0. 70 
0. 00379 81430 0. 70 
0. 00364 95632 0. 70 
0. 00356 102392 0. 70 
0. 00348 115120 0. 70 
0. 00331 125545 0. 70 
0. 00336 133014 0. 70 
0. 00332 141893 0. 70 
0. 00607 11223 0. 70 
0. 00526 22361 0. 70 
0. 00501 28146 0. 70 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.0938 2. 0000 0. 64 0. 6299 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
. 1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 0. 6693 
.1177 1. 6471 0. 69 , 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
-1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
. 1471 1, 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0-. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 
. 1471 1. 6471 0. 69 0. 6693 
.1471 1. 6471 0. 69 0. 6693 




















































0. 00454 35336 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00432 43761 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00405 65961 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00349 123128 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00550 13084 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00535 15504 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00491 22092 0. 70 0. 1471 1. 6471 0. 69 0, 6693 
0. 00457 29170 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00448 33634 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00415 40958 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00351 86502 0. 70 0. 1471 1. 6471 0. 69 0. 6693 
0. 00350 107746 0. 70 0. 1471 1- 6471 0. 69 0. 6693 
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APPENDIX D: DATA REDUCTION PROGRAM FOR HEATING EXPERIMENTS 
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PRINTER IS 16 











INPUT "Prt NO.?",Prt 
INPUT "DATA CORRECTION ? YES=1,N0=0",C 
• IF C=1 THEN GOTO 210 
INPUT "EXPERIMENT (1) OR DATA OUTPUT (0)",Q 
IF Q=0 THEN GOTO 2425 
INPUT "MAJOR TITLE",T$ 




INPUT "h-LOCAL (0) OR h-AVERAGE (l)",Hav 
IF C=1 THEN GOTO 1420 




! ENTER 725;0$ 
! IF 0$<>"*" THEN DISP "OUCH " 
! IF 0$="*" THEN GOTO 150 
! PAUSE 
OUTPUT 722;"F1R7A1H1T2M3" 
DISP "CONFIRM STEADY STATE" 
ON KEY #1 GOTO 510 
Mux: IMAGE #,"C74E",ZZ,"E" 
PRINT CHR$(27)&CHR$(69) 
CALL Offset(CI) 
OUTPUT 709 USING Mux;17 
01=FNRead((CI)) 
01=FNA1((01)) 
! IF 01>=C2 THEN C2=01 
! IF 01<=C3 THEN C3=01 
! IF C30C2 THEN OUTPUT 16;01, (01-C3 )*1Q0/(C2-C3 ) , "% OF",C2-C3 
OUTPUT 709 USING Mux;18 
02=FNRead((CI)) 
02=FNA1((02)) 




OUTPUT 709 USING Mux;2 
04=FNRead((CI)) 
04=FNA1((04)) 
OUTPUT 16;"Tin",03,"Tout",Ol,"CABLE",02,"WALL T",04 
GOTO 350 
CLEAR 7 
DISP "CONTINUE TO START RUN" 
! PAUSE 
INPUT "ROOM TEMP",R1$ 
INPUT "ROTAMETERS",F1,F3 
INPUT "FLORATES",F2,F4 
IF F2<>0 THEN F2=FNA4((F2)) 
IF F4<>0 THEN F4=FNA5((F4)) 
F2=F2+F4 








! ENTER 725;0$ 
! IF 0$<>"*"  THEN DISP "OUCH " 
! IF 0$="*" THEN GOTO 385 
OUTPUT 722 ;"F1R7A1H1T2M3" 
OUTPUT 709 USING Mux;15 
V2(16)=FNRead((CI)) 
OUTPUT 709 USING Mux;17 
V2(17)=FNRead((CI)) 
FOR Y=1 TO 15 




OUTPUT 709 USING "#,K";"C72E" 
S2=FNRead((CI)) 
OUTPUT 722 ;"F1R7A1H1T2M3" 
OUTPUT 709 USING "#,K";"C73E" 
D2=FNRead((CI)) 
! FOR X=1 TO 20 
! BEEP 
! WAIT 100 
! NEXT X 
! MASS STORAGE IS ";F8" 
! PAUSE 
! PRINT #1;V2(*),END 
Wl=.985*D2*1000*S2*30*3.4129 
! W2=9.627E-5*Wi 
FOR 1=1 TO 15 
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T1(I)=FNA1((V2(I))) !-W2 FOR WALL CORRECTION 
NEXT I 
T1(1)=(T1(2)+T1(3))/2 
! IF Fl=l THEN F2=FNA4((F2)) 




W3=100*(W2-W1)/W2 !(OUT - IN)/ OUT 
PRINT S2*3E4,D2,W1,W2,W3 
INPUT "ENERGY BAL. OK ? YES=1, N0=0",s 
IF S=0 THEN GOTO 300 
INPUT "FILE",T2$ 
CREATE T2$,5 
ASSIGN #1 TO T2$,Ret 
IF RetoO THEN DISP "HELP", Ret 
IF Ret=0 THEN GOTO 1100 
! ON KEY #1 GOTO 1000 ' 
! ON KEY #2 GOTO 1005 
! ON KEY #3 GOTO 1010 
! ON KEY #4 GOTO 1060 
! PRINTER IS 7,1 
! WRITE BIN 701;12 
PRINT TAB(20);T$ 
PRINT TAB(25);T1$ 
OUTPUT Prt USING "2/" 
OUTPUT Prt;" DATE ";D$ 
OUTPUT Prt USING "2/" 
OUTPUT Prt;" RUN NUMBER "; R$ 
OUTPUT Prt USING "2/" 
OUTPUT Prt;" PRESSURE : ",B$," ROOM TEMP : ",R1$ 
OUTPUT Prt USING "2/" 
Ge: IMAGE 5X;2OA,2X,MDDDDD.DDDDDD,2X,lOA 
Sp:IMAGE 5X,2OA,2X,DDDDD.ODD,2X,lOA 
OUTPUT Prt USING Ge;"FLOW RATE",F2*448.831/62.5/'GPM" 
OUTPUT Prt USING Ge;"TUBE PD"yD2,"VOLTS" 
OUTPUT Prt USING Ge;"SHUNT PD",S2*1000,"MV" 
OUTPUT Prt USING Ge;"TUBE CURRENT",S2*3E4,"AMPS" 
OUTPUT Prt USING Sp;"HEAT INPUT",W1,"BTU/HR" 
OUTPUT Prt USING Sp;"HEAT OUTPUT ",W2,"BTU/HR" 
OUTPUT Prt USING Sp;"HEAT BALANCE",W3, 
! OUTPUT ON DISK "DATE,TUBE DIM,RUN NO.,FLOW RATE,W1,W2,W3, 
INLET & OUTLET TEMP.,WALL AND FL. TEMP AT 8 IN." 
Tw=(Tl(13)+Tl(14)+Tl(15))/3 
Tb=Wl*Li/(Ltotal*F2*3600)+T1(16) 
! OUTPUT ON DISK "DATE,TUBE DIM,RUN NO.,FLOW RATE,W1,W2,W3, 








! THIS SECTION CORRECTS OLD DATA, IF NECASSARY, AND REWRITES 
ON ANOTHER FILE 
INPUT "FILE TO BE CORRECTED",T5$ 
ASSIGN #3 TO T5$ 
INPUT "NEW FILE FOR CORRECTED OUTPUT",T6$ 
CREATE T6$,5 





DISP "WHICH SECTION DO YOU WANT 1-4 USE KEYS" 
FOR Ii=l TO '4 
IF Ii=2 THEN GOTO 1610 
IF Ii=3 THEN GOTO 1660 
IF Ii=4 THEN GOTO 1710 




















! PRINT USING Sp;"PRANDTL NO.",N4," " 









! LOCAL 'h' 
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H=Wl*144/Ltotal/3.14159/Di/T4 
. ! 'h-AVERAGE' 
IF Hav=l THEN H=Wl*144/(3.14159*Di*Lmtd)/Ltotal 
H=l/(1/H) !*T0 ACCOUNT FOR WALL RESISTANCE -0.00031 
! NUSSELT 
T=(T3+Tb)/2 
Nl=H*Di/(12 * FNA3((T3))) 







IF Hav=l THEN N3=55004*F2/(Di*.5*(FNA2((T3))+FNA2((Tb)))) 
! PRANDTL 
N4=FNA2((T3))/FNA3((T3)) 









INPUT "Nu_err OK ? YES=1, N0=0",S 
IF S=0 THEN GOTO 300 
! WRITE BIN 701;12 
PRINT USING Ge;"SECTION AT",L,"FEET" 
PRINT USING Sp;"WALL TEMP",T2,"deg F" 
PRINT USING Sp;"INLET FLUID TEMP",T1(16),"deg F" 
PRINT USING Sp;"OUTLET FLUID TEMP".T1(17),"deg F" 
PRINT USING Sp;"SECTION FLUID TEMP",T3,"deg F" 
PRINT USING Sp;"HEAT INPUT",W1,"BTU/HR" 
PRINT USING Sp;"HEAT OUTPUT",W2/'BTU/HR" 
PRINT USING Sp;"% HEAT BALANCEW3," " 
PRINT USING Sp;"HEAT TRANSFER COEFFT.",H," " 
PRINT USING Sp;"NUSSELT N0.",N1/' " 
PRINT USING Sp;"REYNOLDS N0.",N3," " 




IF C=1 THEN GOTO 2610 




Pr=2.573*(Hin-Hout) ! H IN mm OF Hg AND Pr IN Ibf/sq.ft 
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Fr=.029348*Pr*Di<:5/F2<::2/(Ltotal-5) ! FANNING FRICTION FACTOR 







OUTPUT Prt;"Fr Fpred Re % Error",Fr/Fpred,Re,Er 
I N P U T  " F R I C T I O N  O K  ?  Y E S = 1 ,  N 0 = 0 " , s  
IF S=0 THEN GOTO 2260 
PRINT #l;Hin,Hout,Re,Fr,Fpred,Er 
I N P U T  " A N O T H E R  R U N  Y E S = 1 ,  N 0 = 0 " , s  
IF S=1 THEN GOTO 240 
"GOTO 2820 
INPUT "OUTPUT TO A TAPE? YES=1",Q1 . 
IF Qlol THEN GOTO 2430 
CREATE "RAVI2:T15",200 
ASSIGN #7 TO "RAVI2"&":T15" 
INPUT "DATA FILE?",T3$ 
ASSIGN #3 TO T3$ 
READ #3;D$,Di,E,Pi,Ang,R$,F2,D2,S2,W1,W2,W3,T1(16),T1(17),Tb,Tw 
READ #3;T1(*) 
IF Qlol THEN GOTO 2610 
! OUTPUT Prt USING "2/" 
OUTPUT Prt;" DATE ";D$ 
OUTPUT Prt USING "1/" 
OUTPUT Prt;"Di(IN)=",Di,"E(IN.)=",E,"PiTCH(IN.)=",Pi,"ANGLE 
(DEG.)=",Ang 
OUTPUT Prt;" RUN NUMBER ";R$ 
OUTPUT Prt USING "1/" 
OUTPUT Prt USING Ge;"FLOW RATE",F2*448.831/62.5,"GPM" 
OUTPUT Prt USING "TUBE PD",D2,"VOLTS" 
OUTPUT Prt USING Ge;"TUBE CURRENT",S2,"AMPS" 
OUTPUT Prt USING Sp;"HEAT INPUT",W1,"BTU/HR" 
OUTPUT Prt USING Sp;"HEAT OUTPUT ",W2,"BTU/HR" 
OUTPUT Prt USING Sp;"HEAT BALANCE",W3, 
OUTPUT Prt;"INLET WALLL TEMP",Tw,"INLET FLUID TEMP (8 IN.)",Tb 
OUTPUT Prt;"WALL TEMP. ARE (T1(1);T1(17))",T1(*) 
FOR Sa=l TO 4 
READ #3;Ii,L,T2,T3,H,N3,Nl,N4,Nua,Nu_err 
N6=N1/N3/N4 
IF Ql=l THEN Val$=VAL$(N6)&","&VAL$(N3)&","&VAL$(N4) 
IF Ql=l THEN PRINT #7;Val$ 
IF Ql=l THEN GOTO 2730 
! OUTPUT Prt USING "1/" 
OUTPUT Prt;"NO. OF SECTIONS ",Ii 
OUTPUT Prt;"SECTION AT",L,"FEET" 
OUTPUT Prt;"WALL TEMP",T2,"deg F" 
OUTPUT Prt;"SECTION FLUID TEMP",T3,"deg F" 
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IF Hav=0 THEN OUTPUT Prt;"HEAT TRANSFER COEFFT. (LOCAL)",H," 
Btu/Hr/F/sq.ft" 
IF Hav=l THEN OUTPUT Prt;"HEAT TRANSFER COEFFT.(AVE.)"/H," 
Btu/Hr/F/sq.ft" 
OUTPUT Prt;"REYNOLDS NO.",N3/' " 
OUTPUT Prt;"NUSSELT NO.",N1 




IF Q1<>1 THEN GOTO 2800 
! OUTPUT Prt USING "1/" 
OUTPUT Prt;"Hin(IN OF Hg)=",Hin,"Hout=",Hout,"Re=",Re,"F-EXP=" 
,Fr,"Fpred=",Fpred,"%ERROR=",Er 
IF 0=1 THEN PRINT #1;Hin,Hout,Re,Fr,Fpred,Er 
IF 0=1 THEN INPUT "ANTHER SET TO BE CORRECTED YES=1,N0=0",Cc 
IF Cc=l THEN GOTO 1420 
WRITE BIN 701;12 
INPUT "ANOTHER FILE TO BE PRINTED YES=1, N0=0",S 




IF Xl<=1.494 THEN 2880 
IF Xl<=3.941 THEN 2900 
IF Xl<=6.62 THEN 2920 
Xl=31.99925+46.80117*X1-1. 407396*X1<:2+ . 07802*X1<:3- . 007394*X1*4 
GOTO 2940 
Xl=33 . 42956+44. 48835*X1- . 074220*X1<;2- . 253895*X1<:3+ . 028780*X1*4 
GOTO 2940 









! THERMAL CONDUCTIVITY 
DEF FNA3(X1) 
Xl=(Xl-50)/50 
RETURN . 3392+ . 0275*X1- . 0034*X1<:2 
FNEND 
5 FLORATE SMALL 
DEF FNA4(X1) 
RETURN . 0086+ . 0008809*X1+ . 000002084*X1<;2 
FNEND 








RETURN ( - .21862- . 4357*X1+ . 03231*X1<:2 )/( 50* ( 62 . 422- .21862* 
X1-0.21785*X1*2+0.01077*X1*3)) 
FNEND 
! INLET TC 
DEF FNA7(X1) 
X1=X1*1000 
RETURN 31. 75499731+46 . 750957*X1- . 9835753*X1<:2-. 05836678*X1<;:3 
FNEND 
! OUTLET TC 
DEF FNA8(X1) 
X1=X1*1000 





FOR X=1 TO 10 
TRIGGER 722 






OUTPUT 709 USING "#,K";"C71E" 
TRIGGER 722 
ENTER 722 BINT;XI 
SUBEND 
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APPENDIX E: SAMPLE CALCULATION FOR HEATING EXPERIMENTS 
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The data reduction procedure and sample calculations for heating 
experiments with water are detailed in this appendix. The measured 
quantities were the wall temperatures, inlet and outlet fluid temper­
atures, mass flow rate of water, pressure drop, current, and the 
voltage across the tube. The values that were computed include Reynolds 
number, section fluid temperature, Prandtl number, Nusselt number, and 
friction factor. Data for run number 9 for Tube 2 have been considered 
for the sample calculation. 
Measured Data and Tube Characteristics : 
Envelope diameter (d) = 0.92 in. 
Roughness height (e) = 0.035 in. 
Roughness pitch (P) = 0.4 in. 
Helix angle (a) = 82.1° 
Mass flow rate of water (m) = 1768.6 Ibm/hr 
Tube current (S) = 583.143 amps 
Tube potential difference (D) = 26.85 volts 
Inlet fluid temperature (T_,_) = 68.45° F 
Outlet fluid temperature T^^^ = 98.72° F 
Pressure drop = 0.36 in. Hg 
Computed Data: 
(a) Heat Balance: 
Heat input by electrical power = 0.985 x S x D x 3.413 
- 0.985 X 583.143 x 26.855 
= 52,645.05 Btu/hr 
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Heat absorbed by water = m (T^ - T^) 
= 1768.63 X 1.0 X (98.727 - 68.456) 
= 53,616.1 Btu/hr 
(W. - W ) 
Heat balance = r; x 100 = 1.81% 
^2 
(b) Station Wall and Bulk Temperatures: 
The local or station wall temperature was taken as a linear 
average of the three temperatures measured a round the circum­
ference . 
= (T^ + T^ + Tg)/3 
= (105.20 + 105.39 + 107.58)/3 
= 106.06°F 
The local bulk temperature of the fluid was established through a sec­
tional heat balance 
1 T, = W- X -ii i + T. 
b^ 1 L m 1 
where is the sectional length. 
Bulk temperature of water at Station 1 
\ = 52,645.05 X || + 68.45 = 74.88-F 
Computed Data: 
(c) Reynolds number: 




where is the local viscosity of water evaluated at the bulk tempera­
ture: 
Re = = 13268.9 
" ^ ^ 2.2136 
(d) Nusselt number: 
The local heat transfer coefficient was calculated from the 
expression 
(T - T ) = W, 
^ ^ Z 
Then, 
^ ^ 52,645.05 
^ n X X (106.061 - 74.882) 
= 990.61 Btu/hr-ft^-°F 
h d 990.614 x 
4: = 0.352 = 215.73 
(e) Prandtl number: 
Again, calculating the properties of water at station bulk 
temperature 
282 
(f) Friction factor: 
Finally, the average Fanning friction factor for the tube was 
computed from the measured pressure drop using the equation 
AP g d AP g p d^ 
f = i- = 0.617 2 « • f «2 
LpV' L 2 m'^  
H X X 13.6 
The pressure drop Ap = =-= ^ 
8c 
_ 0.36 X 62.4 X 13.6 
12 
= 25.46 Ibg/ft^ 
0,617 X 25.46 x 32.17 x 62.4 x 
f = 
/116\ «/1768.63\ 




for every run for Sections 2, 3, and 4, calculations from a through e 
were repeated to obtain the local reduced data. 
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APPENDIX F: EXPERIMENTAL DATA FOR HEATING EXPERIMENTS 
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Friction data 
Tube Re e/d p/d 
Isothermal Data 
</90 d ( 
0. 02322 4606 
0. 02162 6560 
0. 02159 8339 
0. 02005 10558 
0. 01831 12933 
0. 01729 14635 
0. 01605 17278 
0. 01585 18773 
0. 01505 20751 
0. 01475 22468 
0. 01435 25507 
0. 01389 28084 
0. 01352 30880 
0. 01295 34065 
0. 01279 35974 
0. 01572 4260 
0. 01552 5299 
0. 01831 6331 
0. 01637 7389 
0. 01688 8519 
0. 01507 10602 
0. 01537 12727 
0. 01635 14857 
0. 01696 16979 
0. 01651 18099 
0. 01736 19239 
0. 01717 20383 
0. 01728 21513 
0. 01738 23083 
0. 01681 24565 
0. 01418 5297 
0. 01866 6546 
0. 01651 7809 
0. 01522 10309 
0. 01359 12827 
0. 01334 14044 
0. 01385 15390 
0. 01482 16708 
0. 01282 18017 
0. 01283 20549 
0. 01226 21854 
0. 01213 23170 
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Tube f Re 
0. 01681 11248 
0. 01644 12294 
0. 01707 13724 
0. 01729 14800 
0. 01643 16331 
0. 01635 17830 
0. 01623 19157 
0. 01587 20538 
0. 01649 23356 
0. 01658 26342 
0. 01629 13974 
0. 01270 17716 
0. 01098 21543 
0. 01080 24153 
0. 01043 26815 
0. 00999 30828 
0. 00993 34902 
0. 01179 2903 
0. 01349 4943 
0. 00943 6931 
0. 01629 8964 
0. 01465 12034 
0. 01220 15392 
0. 01220 177.19 
0. 01229 20033 
0. 00545 22526 
0. 01109 25834 
0. 01251 9S20 
0. 01251 10784 
0. 01251 11270 
0. 01459 11574 
0. 01251 11842 
0. 01459 12452 
0. 04181 2461 
0. 01794 4489 
0. 01672 6561 
0. 01605 8650 
0. 01668 10753 
0. 01316 12945 
0. 01622 15312 
0. 01415 17588 
0. 01453 19817 
0. 01288 22323 
0. 01188 25793 









0.0625 0.1690 0.45 0.80 
n ear* 
0.0560 0.2400 0.33 0.90 
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Heat Transfer data 
Tube St Re Pr e/d p/d oC/90 d (in) 
0. 00243 4842 6. 37 
0. 00255 5457 5. 57 
0. 00272 6125 4. 91 
0. 00315 6814 4. 36 
0. 00237 6902 6. 41 
0. 00249 7818 5. 59 
0. 00270 8785 4. 91 
0. 00313 9799 4. 35 
0. 00221 8854 6. 53 
0. 00230 9922 5. 75 
0. 00249 11045 5. 11 
0. 00283 12219 4. 57 
0. 00214 11092 6. 41 
0. 00221 12549 5. 59 
0. 00239 14088 4. 92 
0. 00271 15699 4. 37 
0. 00207 13433 5. 28 
0. 00215 15339 5. 42 
0. 00233 17356 4. 73 
0. 00255 19474 4. 17 
0. 00194 15387 6. 36 
0. 00198 17275 5. 59 
0. 00210 19262 4. 96 
0. 00228 21338 4. 43 
0. 00191 17957 6. 17 
0. 00196 20361 5. 38 
0. 00208 22886 4. 73 
0. 00229 25529 4. 19 
0. 00186 19775 6. 22 
0. 00192 22152 5. 49 
0. 00204 24650 4. 88 
0. 00224 27257 4. 36 
0. 00179 22038 6. 25 
0. 00183 24423 5. 58 
0. 00194 26919 5. 01 
0. 00208 29517 4. 53 
0. 00174 24045 6. 29 
0. 00178 25417 5. 67 
0. 00188 28892 5. 14 
0. 00200 31451 4. 67 
0. 00178 27032 5. 07 
0. 00185 29995 5. 41 
0. 00199 33095 4. 85 
0. 00215 35320 4. 38 
0. 00179 29754 5. 95 
0.1270 1.0450 0.35 0.550 
11 
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Tube St Re Pr 
0. 00188 33014 5. 31 
0. 00200 36411 4. 76 
0. 00216 39943 4. 30 
0. 00180 32597 5. 83 
0. 00190 36286 5. 18 
0. 00203 40143 4. 63 
0. 00222 44155 4. 17 
0. 00182 35778 5. 67 
0. 00194 39996 5. 01 
0. 00208 44410 4. 46 
0. 00226 49002 4. 01 
0. 00181 38086 5. 67 
0. 00192 42297 5. 05 
0. 00206 46694 4. 53 
0. 00221 51260 4. 09 
0. 00192 42289 5. 40 
0. 00206 47405 4. 76 
0. 00223 52756 4. 23 
0. 00247 58318 3. 79 
0. 00190 44793 5. 39 
0. 00203 49918 4. 78 
0. 00220 55269 4. 27 
0. 00239 60822 3. 84 
0. 00189 47042 5. 42 
0. 00201 52151 4. 83 
0. 00217 57474 4. 34 
0. 00236 62992 3. 92 
0. 00225 4348 6. 76 
0. 00249 4781 6. 09 
0. 00270 5235 5. 51 
0. 00305 5706 5. 01 
0. 00234 5441 6. 65 
0. 00258 6014 5. 95 
0. 00282 6614 5. 36 
0. 00323 7240 4. 85 
0. 00238 6502 6. 61 
0. 00262 7191 5. 92 
0. 00291 7912 5. 32 
0. 00320 8663 4. 81 
0. 00238 7479 6. 67 
0. 00258 8165 6. 05 
0. 00279 8880 5. 51 
0. 00309 9622 5. 05 
0. 00248 8657 6. 54 
0. 00268 9486 5. 91 
0. 00293 10352 5. 36 






Tube St Re Pr 
0. 00325 11250 4. 89 
0. 00257 9910 6. 38 
0. 00275 10923 5. 73 
0. 00300 11982 5. 17 
0. 00338 13082 4. 70 
0. 00255 10944 6. 40 
0. 00271 11955 5. 81 
0. 00295 13006 5. 29 
0. 00328 14096 4. 84 
0. 00263 12226 6. 28 
0. 00276 13352 5. 69 
0. 00302 14524 5. 19 
0. 00340 15738 4. 75 
0. 00258 13268 6. 30 
0. 00271 14391 5. 76 
0. 00294 15555 5. 28 
0. 00323 16759 4. 86 
0. 00268 14613 6. 17 
0. 00279 15883 5. 63 
0. 00305 17201 5. 15 
0. 00338 18564 4. 74 
0. 00271 15915 6. 08 
0. 00282 17312 5. 54 
0. 00304 18762 5. 07 
0. 00340 20262 4. 66 
0. 00275 17137 6. 02 
0. 00285 18612 5, 50 
0. 00308 20142 5. 04 
0. 00341 21723 4. 63 
0. 00273 18405 5. 99 
0. 00283 19952 5. 48 
0. 00307 21555 5. 03 
0. 00338 23210 4. 63 
0. 00282 21032 5. 87 
0. 00291 22742 5. 38 
0. 00315 24511 4. 96 
0. 00348 26335 4. 58 
0. 00290 23785 5. 75 
0. 00297 25658 5. 28 
0. 00319 27594 4. 88 
0. 00352 29587 4. 52 
0. 00297 25850 5. 62 
0. 00301 27916 5. 16 
0. 00324 30050 4. 76 
0. 00358 32248 4. 40 
0. 00304 27817 5. 49 
e/d p/d «</90 d (in) 
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Tube St Re Pr 
0. 00312 30082 5. 03 
0. 00333 32422 4. 63 
0. 00367 34831 4. 28 
0. 00314 28879 5. 41 
0. 00320 31251 4. 96 
0. 00345 33701 4. 56 
0. 00382 36223 4. 21 
0. 00284 20339 5. 73 
0. 00294 22221 5. 19 
0. 00319 24174 4. 73 
0. 00351 26193 4. 33 
0. 00302 31667 5. 676 
0. 00322 34177 5. 217 
0. 00329 36770 4. 812 
0. 00329 39441 4. 453 
0. 00293 27613 5. 687 
0. 00312 30115 5. 167 
0. 00317 32710 4. 716 
0. 00319 35391 4. 323 
0. 00279 24007 5. 920 
0. 00295 26162 5. 383 
0. 00303 28398 4. 916 
0. 00300 30710 4. 509 
0. 00280 21369 5. 924 
0. 00297 23521 5. 328 
0. 00304 25763 4. 818 
0. 00301 28089 4. 379 
0. 00281 18736 5. 928 
0. 00297 20890 5. 256 
0. 00304 23146 4. 693 
0. 00305 25493 4- 218 
0. 00293 14921 5. 877 
0. 00310 17084 5. 060 
0. 00322 19371 4. 404 
0. 00341 21767 3 . 873 
0. 00316 11244 5. 713 
0. 00340 13441 4. 690 
0. 00361 15794 3 . 925 
0. 00313 18278 3. 342 
0. 00221 2609 6. 952 
0. 00224 2854 6. 293 
0. 00286 3111 5. 722 
0. 00314 3378 5. 225 
0. 00259 4636 7. 354 
0. 00256 4876 6. 955 








Tube St Re Pr 
0. 00272 5121 6. 587 
0. 00183 5373 6. 247 
0. 00249 6641 7. 540 
0. 00246 6876 7. 255 
0. 00259 7116 6. 985 
0. 00258 7361 6. 729 
0. 00231 8670 7. 616 
0. 00230 8905 7. 394 
0. 00236 9143 7. 181 
0. 00241 9384 6. 977 
0. 00220 11734 7. 667 
0. 00222 11967 7. 501 
0. 00224 12203 7. 341 
0. 00224 12441 7. 186 
0. 00216 14986 7. 589 
0. 00222 15294 7. 420 
0. 00225 15604 7. 257 
0. 00221 15918 7. 099 
0. 00216 17233 7. 516 
0. 00227 17608 7. 339 
0. 00228 17-988 7. 167 
0. 00224 18372 7. 002 
0. 00218 19479 7. 460 
0. 00226 19908 7. 282 
0. 00231 20343 7. 110 
0. 00226 20782 6. 944 
0. 00223 21883 7. 356 
0. 00232 22384 7. 174 
0. 00239 22891 6. 998 
0. 00233 23404 6. 829 
0. 00218 25178 7. 315 
0. 00225 25677 7. 158 
0. 00228 26181 7. 005 
0. 00225 26689 6. 858 
0. 00203 9592 7. 591 
0. 00200 9810 7. 405 
0. 00200 10031 7. 225 
0. 00198 10254 7. 051 
0. 00225 9941 7. 297 
0. 00220 10326 6. 997 
0. 00220 10719 6. 714 
0. 00218 11119 6. 447 
0. 00233 10238 7. 063 
0. 00227 10770 6. 678 
0. 00225 11316 6. 323 
0. 00229 11876 5. 994 






0 . 3 3  0 . 9 0  
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Tube St Re Pr 
0. 00235 10578 6. 813 
0. 00230 11264 6. 355 
0. 00231 11971 5. 941 
0. 00244 12699 5. 566 
0. 00235 10784 6. 669 
0. 00232 11571 6. 169 
0. 00232 12384 5. 723 
0. 00251 13222 5. 323 
0. 00233 10980 6. 537 
0. 00235 11856 6. 005 
0. 00254 13699 5. 118 
0. 00233 11372 6. 288 
0. 00240 12464 5. 682 
0. 00267 14779 4. 707 
0. 00136 2312 6. 976 
0. 00144 2450 6. 542 
0. 00183 2592 6. 146 
0. 00262 2738 5. 784 
0. 00210 4248 7. 112 
0. 00204 4499 6. 673 
0. 00309 5023 5. 908 
0. 00215 6211 7. 128 
0. 00198 6562 6. 707 
0. 00284 7293 5. 968 
0. 00216 8213 7. 099 
0. 00255 9559 6. 001 
0. 00202 10243 7. 060 
0. 00238 11804 6. 034 
0. 00209 12340 6. 991 
0. 00196 12924 6. 643 
0. 00225 14130 6. 018 
0. 00230 14578 6. 868 
0. 00213 15286 6. 517 
0. 00224 16752 5. 890 
0. 00215 16758 6. 804 
0. 00201 17536 6. 471 
0. 00209 19143 5. 873 
0. 00209 18951 6. 750 
0. 00207 19785 6. 436 
0. 00207 21506 5. 869 
0. 00206 21363 6. 631 
0. 00204 22285 6. 328 
0. 00206 23225 6. 046 
0. 00202 24184 5. 781 
0. 00200 24724 6. 551 
0. 00195 25706 6. 275 





Tube St Re Pr e/d p/d «</90 d (in) 
0.00195 25707 5.016 j 
0.00185 27725 5.772 0.0550 0.2400 0.33 0.900 
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! DATA ACQUISITION AND REDUCTION PROGRAM FOR TWISTED TAPE 
! INSERTS IN FIRE TUBE BOILERS 
! 
OPTION BASE 1 
DIM Dat e$ 20", Operator $ 20/, Type$ 20" 
DIM Dataoût(18),Datain(44),Rawdata(44),Re_or(7),Cons_or(7) 
DIM Segment(4,11),Ptemp$(36) 28 ,Ppres$(6) 28r,Pkey$(2) 48 
DIM Pred$(18)"48l,Pseg$(4,5)'48 ,File$ 6" ,Sub(14) 
DIM Pcorr_nu$(4) 48 ,Corr_nu(4) 
! 
! 
! Date$ date of run 
! Operator^  name of operator 
! Type$ type of twisted tape 
! Run no run number for specific tape 
! Dataout(l) air density at orifice, Ibm/cu-ft 
! Dataout(2) air viscosity at orifice, Ibm/hr-ft 
! Dataout(3) air mass flow rate, Ibm/hr 
! Dataoût(4) average inlet air temperature, deg.F 
! Dataout(5) average outlet air temperature, deg.F 
! Dataout(6) air temperature drop, deg.F 
! Dataoût(7) specific heat of air, Btu/lbm-deg.F 
! Dataout(8) heat transfer from air, Btu/hr 
! Dataoût(9) heat transfer to water thru #4, Btu/hr 
Dataout(10)....heat transfer to water thru #3, Btu/hr 
Dataoût(11)....heat transfer to water thru #2, Btu/hr 
Dataout(12)....heat transfer to water thru #1, Btu/hr 
Dataout(13).... total heat transfer to water, Btu/hr 
Dataout(14)....upstream temp drop across teflen, deg.F 
Dataout(15)....downstream temp drop across teflen, deg.F 
Dataout(16).... axial conduction from upstream, Btu/hr 
Dataout(17).... axial conduction from downstream, Btu/hr 
Dataout(18).... energy balance 
Datain(l) test sec. wall temp 1-top, deg.F 
Datain(2) test sec. wall temp 1-nearside, deg.F 
Datain(3) test sec. wall temp 1-farside, deg.F 
Datain(4) test sec. wall temp 2-top, deg.F 
Datain(5) test sec. wall temp 2-nearside, deg.F 
Datain(6) test sec. wall temp 2-farside, deg.F 
Datain(7) test sec. wall temp 3-top, deg.F 
Datain(8) test sec. wall temp 3-nearside, deg.F 
Datain(9) test sec. wall temp 3-farside, deg.F 
Datain(lO) test sec. wall temp 4-top, deg.F 
Datain(ll) test sec. wall temp 4-nearside, deg.F 
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Detain(12) test sec. wall temp 4-farside, deg.F 
Datain(13) test sec. wall temp 5-top, deg.F 
Datain(14) test sec. wall temp 5-nearside, deg.F 
Datain(15) test sec. wall temp 5-farside, deg.F 
Datain(16) water inlet-4, deg.F 
Datain(17) water outlet-4, deg.F 
Datain(18) water inlet-3, deg.F 
Datain(19) water outlet-3, deg.F 
Datain(20) water inlet-2, deg.F 
Datain(21) water outlet-2, deg.F 
Datain(22) water inlet-1, deg.F 
Datain(23) water outlet-1, deg.F 
Datain(24) air inlet-1, deg.F 
Datain(25) air inlet-2, deg.F 
Datain(26) air inlet-3, deg.F 
Datain(27) air inlet-4, deg.F 
Datain(28) air outlet-1, deg.F 
Datain(29) air outlet-2, deg.F 
Datain(30) air outlet-3, deg.F 
Datain(31) air outlet-4, deg.F 
Datain(32) room temperature, deg.F 
Datain(33) temp across teflon-upstream-1, deg.F 
Datain(34) temp across teflon-upstream-2, deg.F 
Datain(35) temp across teflon-downstream-1, deg.F 
Datain(36) temp across teflon-downstream-2, deg.F 
Datain(37) atmospheric reference pressure, in.water 
Datain(38) static pressure-inlet heater box, in.water 
Datain(39) pressure drop-orifice, in.water 
Datain(40) static pressure-outlet orifice, in.water 
Datain(41) pressure drop-test section, in.water 
Datain(42) static pressure-down stream test sec., 
in.water 
Datain(43) atmospheric pressure, in.Hg 
Datain(44) water flow rate, Imb/hr 
SegmentX(l) outlet air temp in segment X 
SegmentX(2) specific heat of air in segment X 
SegmentX(3) average wall temp-upstream in segment X 
SegmentX(4) average wall temp-downstream in segment X 
SegmentX(5) overall heat transfer coeff. in segment X 
SegmentX(6) air-side heat transfer coeff. in segment X 
SegmentX(7) thermal conductivity of air in segment X 
SegmentX(8) Nusselt number of air in segment X 
SegmentX(9) viscosity of air in segment X 
SegmentX(lO)....Prandtl number of air in segment X 
SegmentX(ll)....Reynold number in segment X 
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ASSIGNMENT OF MULTIPLEXER CHANNELS TO ANALOG INPUTS 
Mux Channel Input 
0 pressure transducer output 
1 Dataln(I) 
Instrument Configuration Codes 
DIM Rdg(20) 
DIM Dmm$(3) 30: 
Dmm$(l)="FlR4Z0FL0M0T2" ! dcv, 
Dmm$(2)="FlR2Z0FL0M0T2" ! dcv, 




Control of the Printer 
Key=701 
DISP "SET PAPER AT TOP OF PAGE" 
PAUSE 
WRITE BIN Key;27,110 
Input of Run Type 
INPUT "DATE?",Date$ 
INPUT "OPERATOR?",Operator$ 
INPUT "TYPE OF INSERT?",Type$ 
Operating conditions monitoring sequence 
Rerun: INPUT "ENTER RUN NUMBER?Run_no 
BEEP 
INPUT "ATMOSPHERIC PRESSURE, in IN.Hg?",Datain(43) 
OUTPUT 709 USING Mux;32 
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Datain(32)=149.1995+44.1465*Tetnp_data+. 0548*Temp_dataC2- .0015 
*Temp_dat a03 
OUTPUT 709 USING Mux;0 
OUTPUT 722;Dmni$(l) 
FOR 1=1 TO 2 
BEEP 















IF Pflag=l THEN INPUT "MAXIMUM PRESSURE REACHED? Yes=l,No=0 
",Yes no 
IF (Pflag=l) AND (Yes_no=0) THEN Next 
IF (Pflag=l) AND CYes_no=l) THEN INPUT "PRESSURE IN in.H20?" 
,Datain(36+I) 




OR HIT kO" 
IF Pflag=l THEN P£lag=0 
GOSUB Orifice 
Dataout(3)=Mass 
OUTPUT 16 USING Scrfmtl;Dataout(3) 




DISP "SET AIR TEMPERATURE" 
BEEP 
Repeat_temp: OUTPUT 722;Dmm$(2) 
ON BCEY #1 GOTO Take_data 
FOR 1=1 TO 2 










OUTPUT 16 USING Scrfmt2;Datain(24) 
Scrfmt2: IMAGE "AVERAGE INLET AIR TEMPERATURE = ",3D.3D," deg.F" 
OUTPUT 16 USING Scrfint3;Datain(23) 
ScrfmtS: IMAGE "OUTLET WATER TEMPERATURE = ",3D.3D," deg.F" 





OR HIT kl" 
GOTO Repeattemp 
DATA COLLECTION AND CONVERTING TO TRUE VALUES 
Thermocouple readings 
Take_data: PRINT CHR$(27)&CHR$(69) 
DISP "TAKING DATA. PLEASE BE PATIENT" 
FOR 1=1 TO 36 
OUTPUT 722;Dmm$(2) 









OUTPUT 709 USING Mux;0 




DISP "SET SCANNIVALVE ON CHANNEL ",I 
PAUSE 
Rdg_nuni=10 




IF 1=3 THEN INPUT "HAS MAX PRESSURE BEEN REACHED? Yes=l, 
No=0",Yes_no 
IF (1=3) AND (Yes_no=0) THEN NextI 
IF (1=3) AND (Yes_no=l) THEN INPUT "PRESSURE IN in.H20?",Dataout(36+1) 
Nextl: NEXT I 
BEEP 























Nusselt Number Calculation 
! For Segment I 
! 
FOR 1=1 TO 4 
IF 1=1 THEN Sub(l)=Dataout(4) 
IF I<>1 THEN Sub(l)=Segment(I-l,l) 
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Sub(2)=Dataoût(3) 
IF 1=1 THEN Sub(5)=Dataout(12)-Dataout(16) 
IF 1=2 THEN Sub(S)=Dataout(ll) 
IF 1=3 THEN Sub(5)=Dataout(10) 
IF 1=4 THEN Sub(5)=Dataoût(9)-Dataout(17) 
Sub(6)=Segment(I,3)=(Datain(3*I-2)+Datain(3*I-l)+Datain(3*I))/3 
Sub(7)=Segment(I,4)=(Datain(3*I+l)+Datain(3*I+2)+Datain(3*I+3))/3 
IF 1=1 THEN Sub(8)=.971429 
IF 1=2 THEN Sub(8)=l.030303 
IF 1=3 THEN Sub(8)=1.007407 



























OUTPUT 16 USING Scrfmt5;Dataout(18) 
ScrfmtS: IMAGE "ENERGY BALANCE = ".DD.DDDD 
INPUT "IS ENERGY BALANCE OK? Yes=l, No=0",Yes_no 
IF Yes no=0 THEN Monit 
PRINTING OUT THE RAW AND REDUCED DATA 
WRITE BIN Key;32,32 
WRITE BIN Key;27,49 
WRITE BIN Key;32,32,32,32,32,32,32,32,32,32,32,32,32,32,32, 
32,32,32,32,32 
302 
WRITE BIN Key;32,32,32,32,32,32,32,32,32,32,32,32,32,32,32, 
32,32,32,32,32 
WRITE BIN Key;32,32,32,32,32,32,32,32,32,32,32,32,32,32,32, 
32,32,32,32,32 
WRITE BIN Key;32,32,32 
WRITE BIN Key;27,49 
EOL Key;CHR$(9) 
WRITE BIN Key;13 
OUTPUT Key USING Pfnitl;Type$,Run no 
Pfmtl: IMAGE L,2X,"TYPE OF TAPE: ^ ,20A,3X,"RUN NUMBER: ",3D 
OUTPUT Key USING Pfint2 ;Date$ , Operator? 
Pfmt2: IMAGE L,2X,"DATE: ",15A,3X,"OPERATOR: ",15A 
Pline: IMAGE #,L," 
Plinel: IMAGE L," 
OUTPUT Key USING Plinel; 
WRITE BIN Key;9 
OUTPUT Key;" RAW DATA" 
OUTPUT Key USING Plinel; 
WRITE BIN Key;9 
OUTPUT Key;" TEMPERATURE DATA" 
WRITE BIN Key;9 
OUTPUT Key USING "#,K";"Location Scanner 
Reading Temperature" 
OUTPUT Key USING Plinel; 
WRITE BIN Key;9 
OUTPUT Key USING "#,K";" 
Volts deg.F" 
WRITE BIN Key;9 
OUTPUT Key;" 
OUTPUT Key USING Pline; 
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Ptemp$(33)="Teflon up stream-1 
Ptemp$(34)="Teflon up stream-2 
Ptemp$(35)="TefIon down stream-1 
Ptemp$(36)="Teflon down stream-2 
Pfmt3: IMAGE #,L,28A,5D.6D,8X,5D.6D 
Ppres?(1)="Atmospheric reference 
Ppres$(2)="St. inlet heater box 
Ppres$(3)="Pres. drop orifice 
Ppres$(4)="St. down str. orifice 
Ppres$(5)=s"Pres. drop test sec. 
Ppres$(6)="St. up str. test sec. 
Pkey$Cl)="Atmospheric pressure 
PkeyÇ(2)="Water flow rate 
Pfmt4: IMAGE #,L,48A,5D.5D 
Pfmt41: IMAGE L,48A,5D.5D 
Pred$(l)="Air density at orifice 
Pred$(2)="Air viscosity at orifice 
Pred$ (3)=**Air mass flow rate 
Pred$(4)="Average inlet air temperature 
PredÇ(5)="Average outlet air temperature 
PredÇ(6)="Air temperature drop 
Pred$(7)="Specific heat of air 
Pred$(8)="Heat transfer from air 
Pred$(9)="Heat transfer to water thru # 4 
PredÇ(10)="Heat transfer to water thru # 3 
Pred$(ll)="Heat transfer to water thru # 2 
Pred$(12)="Heat transfer to water thru # 1 
Pred$(13)="Total heat trnsfer to water 
Pred$(14)="Upstream temp, drop across teflon 
Pred?(15)="Downstream temp, drop across teflon 
Pred?(16)="Axial conduction from upstr. end 
Pred$(17)="Axial conduction from dnstr. end 
Pred$(18)="Energy balance 
FOR 1=1 TO 18 
OUTPUT Key USING Pfmt3;Ptemp$(I),Rawdata(I),Datain(I) 
OUTPUT Key USING Pfmt41;Pred$(I),Dataout(I) 
NEXT I 
Pseg$(1,l)="Outlet air temperature at 1 deg;F 
























Pseg$(2,l)="Outlet air temperature 




Pseg$(3,l)=**0utlet air temperature 




Pseg$(4,l)="Outlet air temperature 




Pcorr_nu$(1)="Nu*F(L/D)*(Tw/Tb)C.45 ; (1) 
Pcorr_nu$(2)="Nu*F(L/D)*(Tw/Tb)C.45; (2) 
Pcorr_nu$(3)="Nu*FCL/D)*(Tw/Tb)C.45 ; (3) 
Pcorr_nu$(4)="Nu*F(L/D)*(Tw/Tb)C.45 ; (4) 
FOR 1=1 TO 3 
OUTPUT Key USING Pfmt3;Ptemp$(6*(I-l)+19),Rawdata(6*(I-l) 
+19),Datain(6*(I-l)+19) 
OUTPUT Key USING Pfmt41;Pseg$(I,1).Segment(I,1) 
OUTPUT Key USING Pfmt3;Ptemp$(6*(I-l)+20),Rawdata(6*(I-l) 
+20),Datain(6*(I-l)+20) 
OUTPUT Key USING Pfmt41;Pseg$(1,2),Segment(1,6) 
OUTPUT Key USING Pfmt3;Ptemp$(6*(I-l)+21),Rawdata(6*(I-l) 
+21),Datain(6*(I-l)+21) 
OUTPUT Key USING Pfmt41;Pseg$(I,3),Segment(I,8) 
OUTPUT Key USING Pfmt3;Ptemp$(6*(I-1)+22),Rawdata(6*(I-1) 
+22),Datain(6*(I-l)+22) 
OUTPUT Key USING Pfmt41;Pcorr_nu$(I),Corr_nu(I) 
OUTPUT Key USING Pfmt3 ;Ptemp$(6*(I-1)+23),Rawdata(6*(I-1) 
+23),Datain(6*(I-l)+23) 
OUTPUT Key USING Pfmt41;Pseg$(I,4).Segment(I,10) 
OUTPUT Key USING Pfmt3 ;Ptemp$(6*(I-1)+24),Rawdata(6*(I-1) 
+24),Datain(6*(I-l)+24) 
OUTPUT Key USING Pfmt41;Pseg$(I,5),Segment(I,ll) 
NEXT I 
OUTPUT Key USING Pline; 
OUTPUT Key USING Pfmt41;Pseg$(4,1).Segment(4,1) 
WRITE BIN Key;9 
OUTPUT Key USING "#,K";" PRESSURE DATA" 
OUTPUT Key USING Pfmt41;Pseg$(I,2).Segment(I,6) 
WRITE BIN Key;9 
OUTPUT Key USING "#,K";"Location Scannivalve 
Reading Pressure" 
OUTPUT Key USING Pfmt41;Psas$(I.3).Segment(I.3) 
Pcf: IMAGE L,"Coefficient of friction, Cf 
".5D.6D 
WRITE BIN Key;9 
at 2 deg.F 
Btu/sq.ft-hr-deg.F 
at 3 deg.F 
Btu/sq.ft-hr-deg.F 
at 4 deg.F 
Btu/sq.ft-hr-deg.F 
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OUTPUT Key USING "#,K";" Channel 
Volts in.H20" 
OUTPUT Key USING Pfmt41;Pcorr_nu$(I),Corr_nuCI) 
OUTPUT Key USING Pline; 
OUTPUT Key USING Pfint41;Pseg$(I,4) ,Segment(1,10) 
OUTPUT Key USING Pfmt3;Ppres$(l),Rawdata(l+36),Datain(l+36) 
OUTPUT Key USING Pfmt41;Pseg$(I,5),Segment(1,11) 
OUTPUT Key USING PfmtS;Ppres$(2),Rawdata(2+36),Datain(2+36) 
OUTPUT Key USING Pcf;Cf 
OUTPUT Key USING Pfmt3;Ppres$(3),Rawdata(3+36),Datain(3+36) 
OUTPUT Key USING Plinel; 
Pfmt31; IMAGE L,28A,5D.6D,8X,5D.6D 
FOR 1=4 TO 6 
OUTPUT Key USING Pfmt31;Ppres$(I),Rawdata(1+36),Datain(1+36) 
NEXT I 
OUTPUT Key USING Plinel; 
WRITE BIN Key;9 
OUTPUT Key;" KEYBOARD INPUTS" 
OUTPUT Key USING Pfmt41;Pkey$(1),Datain(43) 
OUTPUT Key USING Pfmt41;Pkey$(2),Datain(44) 








MASS STORAGE IS ":F8,l" 
BEEP 
DISP "DATA READY TO BE RECORDED ON DISK. IF OK 
CONT f t  
PAUSE 





FOR 1=1 TO LEN(Type$) 
IF Type$ 1,1 ="" THEN Out 
Typel$=Typel$&Type$'.I, I 
Out: NEXT I 
File$="FT"&VAL$(Run_no)&Typel$ 
OUTPUT 16;"FILE NAME IS ",FileS 
INPUT "IS FILENAME OK? Yes=l, No=0 ",Yes_no 
IF Yes_no=0 THEN Name 
IF LENCFile$)>6 THEN Name 
GOTO Outl 
Name: LINPUT "ENTER THE CORRECT FILENAME PLEASE",File? 
Outl: CREATE File$,5 





CHECK READ #1 
PROTECT File$,"Firetube" 
OUTPUT Key USING Pfmt5;File$ 
PfmtS: IMAGE L, "DATA RECORDED ON DISK: FILE NAME IS ",6A 
WRITE BIN Key;12 
BEEP 
INPUT "ANOTHER RUN? Yes=l, No=0",Yes_no 
IF Yes_no=l THEN Rerun 
DISP "BYE FOR NOW" 
STOP 
END 















Constant : Mass=12932.9505*Cons*SQR(Dataout(1)*Datain(39)) 
Re_check=12.2525*Mass/Dataout(2) 
IF ABS(Re_check-Re)<10 THEN RETURN 
FOR 1=1 TO 6 
IF Re_check>Re_or(I) THEN Interpolate 
NEXT I 




SUBROUTINE TO TAKE TEN READINGS AND FIND THE MEAN 
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! OUTPUT 722;"XI" 
! STATUS 722;Status 
! IF Status<>66 THEN 5350 
! OUTPUT 722;"SOOREM" 
FOR N=1 TO Rdgnum 
TRIGGER 722 
ENTER 722 BINT;Rdg(N) 
NEXT N 
K=0 









Sub(4)=.2231+3,42E-5*Avg air_terap-2,93E-9*Avg_air tempC2 
















APPENDIX H: EXPERIMENTAL DATA FOR COOLING EXPERIMENTS 
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Friction Data 
Coil f Re e/d p/d Cl/90 d (in) 
Isothermal data 
B 0.02071 25066 0.0375 0.7491 0.85 2.67 







0.02299 8823 i 
0.02502 7864 0.0375 0.7491 0.85 2.67 
C 0.02355 25230 0.0468 0.7491 0.85 2.67 







0.03117 8801 ( 
0.03061 7136 0.0468 0.7491 0.85 2.67 
D 0.01450 24677 0.0232 0.749 
" 
0.85 2.67 







0.01803 8897 1 
0.01941 7030 0.0232 0.7491 0.85 2.67 
E 0.02093 24938 0.0375 0.5993 0.88 2.67 







0.02773 7943 i 
0.02905 7083 0.0375 0.5993 0.88 2.57 
310 
Coil f Re e/d p/d OC/90 d (in) 
F 0.01848 25208 0.0375 1.1235 0.78 2.67 







0.02395 8192 \ f 
0.02422 7184 0.0375 1.1236 0.78 2.67 
Non isothermal data 
B 0.02242 11780 0.0375 0.7491 0.85 2.67 






0.02115 19553 > ' 
0.02151 20969 0.0375 0.7491 0.85 2.67 
C 0.02438 21060 0.0458 0.7491 0.85 2.67 










0.03119 7554 \ 1 0.03337 5703 > f 
0.03407 6044 0.0468 0.7491 0.85 2 . 6 7  
D 0.01433 20654 0.0232 0.7491 0.85 2 . 6 7  









Coil Re e/d p/d <K/90 d (in) 
0. 01710 10668 
0. 01808 9616 
0. 01860 8508 
0. 01905 7525 
0. 01987 6745 
0. 02127 5977 
0. 02145 20147 
0. 02180 20876 
0. 02244 19045 
0. 02241 18044 
0. 02257 16782 
0. 02323 15265 
0. 02449 13954 
0. 02444 12700 
0. 02509 11526 
0. 02592 10429 
0. 02726 9449 
0. 02728 8415 
0. 02941 7384 
0. 03038 6592 
0. 03466 5928 
0. 01800 20999 
0. 01841 19991 
0. 01870 18863 
0. 01921 17852 
0. 01920 16817 
0. 01962 15814 
0. 01890 14746 
0. 01994 13743 
0. 02101 12612 
0. 02118 11567 
0. 02181 10470 
0. 02263 9469 
0. 02365 8536 
0. 02484 7513 













0 . 8 8  
0.78 






Heat Transfer Data 
Coil 
B 
St Re P r 
0. 00908 11198 0. 71 
0. 00798 11605 0. 71 
0. 00863 11974 0. 71 
0. 00862 12342 0. 71 
e/d p/d C(/90 d (in) 
0.0375 0.7491 0.85 2.67 
A 
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Coil St Re Pr 
0. 00885 12234 0. 71 
0. 00761 12659 0. 71 
0. 00833 13045 0. 71 
0. 00834 13434 0. 71 
0. 00869 13182 0. 71 
0. 00738 13628 0. 71 
0. 00798 14030 0. 71 
0. 00815 14438 0. 71 
0. 00862 14163 0. 71 
0. 00718 14637 0. 71 
0. 00762 15056 0. 71 
0. 00788 15483 0. 71 
0. 00841 15203 0. 71 
0. 00708 15700 0. 71 
0. 00747 16143 0. 71 
0. 00756 16590 0. 71 
0. 00829 16165 0. 71 
0. 00677 16681 0. 71 
0. 00729 17139 0. 71 
0. 00755 17612 0. 71 
0. 00813 17412 0. 71 
0. 00668 17959 0. 71 
0. 00713 18445 0. 71 
0. 00732 18943 0. 71 
0. 00794 18848 0. 71 
0. 00640 19414 0. 71 
0. 00685 19914 0. 71 
0. 00716 20434 0. 71 
0. 00784 20132 0. 71 
0 = 00628 20720 0. 71 
0. 00674 21241 0. 71 
0. 00710 21785 0. 71 
0. 00801 20218 0. 71 
0. 00674 20802 0. 71 
0. 00727 21335 0. 71 
0. 00738 21884 0. 71 
0. 00815 18923 0. 71 
0. 00687 19482 0. 71 
0. 00740 19992 0. 71 
0. 00754 20516 0. 71 
0. 00823 17788 0. 71 
0. 00701 18318 0. 71 
0. 00749 18803 0. 71 
0. 00765 19302 0. 71 
0. 00852 16410 0. 71 
0. 00723 16925 0. 71 
e/d p/d 0(/90 d (in) 
0.0375 0.7491 0.85 2.67 
0.0468 0.7491 0.85 2.60 
A 
313 
Coil St Re Pr 
0. 00773 17392 0. 71 
0. 00798 17871 0. 71 
0. 00866 15287 0. 71 
0. 00729 15773 0. 71 
0. 00783 16213 0. 71 
0. 00816 16669 0. 71 
0. 00879 14217 0. 71 
0. 00752 14686 0. 71 
0. 00808 15114 0. 71 
0. 00832 15552 0. 71 
0. 00913 13149 0. 71 
0. 00783 13610 0. 71 
0. 00835 14027 0. 71 
0. 00858 14449 0. 71 
0. 00950 11892 0. 71 
0. 00813 12331 0. 71 
0. 00850 12722 0. 71 
0. 00870 13112 0. 71 
0. 00955 10485 0. 71 
0. 00828 10881 0. 71 
0. 00892 11240 0. 71 
0. 00902 11600 0. 71 
0. 01021 9220 0. 70 
0. 00883 9601 0. 71 
0. 00931 9939 0. 71 
0. 00939 10271 0. 71 
0. 01088 7101 0. 70 
0. 00981 7424 0. 71 
0. 01021 7710 0. 71 
0. 01010 7983 0. 71 
0. 01112 6291 0. 70 
0. 01018 6584 0. 71 
0. 01060 6844 0. 71 
0. 01050 7091 0. 71 
0. 01148 5659 0. 70 
0. 01073 5935 0. 71 
0. 01095 6179 0. 71 
0. 01087 6405 0. 71 
0. 00737 19869 0. 71 
0. 00601 20420 0. 71 
0. 00626 20910 0. 71 
0. 00646 21415 0. 71 
0. 00766 18540 0. 71 
0. 00626 19086 0. 71 
0. 00649 19568 0. 71 
0. 00668 20062 0. 71 
e/d p/d */90 d (in) 
0.0468 0.7491 0.85 2.67 
0.0232 0.7491 0.85 2.60 
A 
314 
Coil St Re Pr 
0. 00774 17328 0. 71 
0. 00637 17839 0. 71 
0. 00656 18291 0. 71 
0. 00673 18753 0. 71 
0. 00790 16173 0. 71 
0. 00653 16662 0. 71 
0. 00670 17096 0. 71 
0. 00690 17537 0. 71 
0. 00804 15045 0. 70 
0. 00669 15513 0. 71 
0. 00689 15929 0. 71 
0. 00702 16351 0. 71 
0. 00849 13932 0. 70 
0. 00707 14399 0. 71 
0. 00720 14810 0. 71 
0. 00737 15222 0. 71 
0. 00855 12973 0. 70 
0. 00725 13423 0. 71 
0. 00749 13824 0. 71 
0. 00768 14228 0. 71 
0. 00893 12189 0. 71 
0. 00757 12615 0. 71 
0. 00772 12989 0. 71 
0. 00782 13359 0. 71 
0. 00875 11127 0. 71 
0. 00755 11505 0. 71 
0. 00786 11847 0. 71 
0. 00797 12191 0. 71 
0. 00932 10138 0. 70 
0 = 00802 10513 0. 71 
0. 00817 10845 0. 71 
0. 00836 11176 0. 71 
0. 00933 9143 0. 71 
0. 00803 9480 0. 71 
0. 00816 9777 0. 71 
0. 00814 10067 0. 71 
0. 00966 8051 0. 70 
0. 00878 8375 0. 71 
0. 00888 8665 0. 71 
0. 00860 8942 0. 71 
0. 00976 7119 0. 70 
0. 00885 7408 0. 71 
0. 00890 7664 0. 71 
0. 00889 7909 0. 71 
0. 00989 6364 0. 70 
0. 00935 6632 0. 71 
0. 00955 6877 0. 71 
e/d p/d, 0(/9o d (in) 
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Coil St Re Pr 
0. 00924 7108 0. 71 
0. 00993 5645 0. 71 
0. 00941 5880 0. 71 
0. 00963 6093 0. 71 
0. 00894 6291 0. 71 
0. 00728 19326 0. 71 
0. 00667 19893 0. 71 
0. 00695 20415 0. 71 
0. 00766 20954 0. 71 
0. 00734 20016 0. 71 
0. 00667 20608 0. 71 
0. 00702 21155 0. 71 
0. 00784 21726 0. 71 
0. 00763 18225 0. 71 
0. 00697 18792 0. 71 
0. 00729 19313 0. 71 
0. 00811 19851 0- 71 
0. 00766 17267 0. 71 
0. 00702 17804 0. 71 
0. 00731 18298 0. 71 
0. 00802 18806 0. 71 
0. 00787 16032 0. 71 
0. 00720 16552 0. 71 
0. 00746 17028 0. 71 
0. 00823 17515 0. 71 
0. 00813 14561 0- 70 
0. 00755 15045 0. 71 
0. 00770 15495 0. 71 
0. 00858 15959 0. 71 
0. 00848 13268 0. 70 
0. 00786 13741 0. 71 
0. 00808 14179 0, 71 
0. 00891 14628 0. 71 
0. 00876 12042 0. 70 
0. 00818 12497 0. 71 
0. 00838 12917 0. 71 
0. 00921 13344 0. 71 
0. 00890 10926 0. 70 
0. 00829 11344 0. 71 
0. 00844 11726 0. 71 
0. 00908 12109 0. 71 
0. 00921 9860 0. 70 
0. 00869 10258 0. 71 
0. 00878 10620 0. 71 
0. 00947 10978 0. 71 
0. 00967 8908 0. 70 
e/d p/d, OL/go d (in) 
0.0232 0.7491 0.85 2.67 
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Coil St Re Pr 
0. 00721 15363 0. 71 
0. 00870 13134 0. 71 , 
0. 00700 13566 0. 71 
0. 00735 13945 0. 71 
0. 00732 14327 0. 71 
0. 00853 12025 0. 70 
0. 00735 12437 0. 71 
0. 00776 12808 0. 71 
0. 00770 13179 0. 71 
0. 00838 11037 0. 71 
0. 00724 11405 0. 71 
0. 00787 11743 0. 71 
0. 00773 12084 0. 71 
0. 00895 9953 0. 70 
0. 00779 10316 0. 71 
0. 00825 10644 0. 71 
0. 00796 10966 0. 71 
0. 00902 8993 0. 70 
0. 00822 9327 0. 71 
0. 00831 9631 0. 71 
0. 00828 9927 0. 71 
0. 00925 8105 0. 70 
0. 00830 8407 0. 71 
0. 00858 8681 0. 71 
0. 00864 8951 0. 71 
0. 00971 7130 0. 71 
0. 00885 7401 0. 71 
0. 00906 7544 0. 71 
0. 00887 7878 0. 71 
0. 01000 5327 0. 71 
0. 00935 5577 0. 71 
0. 00955 5803 0. 71 
0. 00923 7015 0. 71 
0. 01010 5700 0. 71 
0. 00965 5933 0. 71 
0. 01002 6147 0. 71 
0. 00965 5347 0. 71 
e/d p/d <K/90 d (in) 
0.0375 1.1235 0.78 2.57 
